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Preface

The simulation of road traffic and especially individual vehicular mobility in larger
conurbations presents a number of challenges in various areas of research such as
physics, engineering, and computer science as well as psychology and sociology. The
search for an appropriate and practically usable model for the problems of mode choice,
route choice as well as the behavior of drivers when following each other, changing
lanes or reacting to junction priorities and traffic lights created a number of complex
software packages. Together with the advance of vehicular communication systems the
requirements to those simulations and especially to their interfaces increased signifi-
cantly. This lead to a wider use of open source packages such as the Simulation of
Urban Mobility (SUMO) suite developed mainly at the Institute of Transportation
Systems of the German Aerospace Center.

This volume contains the proceedings of the First SUMO User Conference (SUMO
2013), which was held during May 15–17, 2013 in Berlin-Adlershof, Germany. SUMO
is a well-established microscopic traffic simulation suite which has been available since
2001 and provides a wide range of traffic planning and simulation tools. The confer-
ence proceedings give a good overview of the applicability and usefulness of simu-
lation tools like SUMO ranging from new methods in traffic control and vehicular
communication to the simulation of complete cities. Another aspect of the tool suite, its
universal extensibility due to the availability of the source code, is reflected in con-
tributions covering parallelization and workflow improvements to govern microscopic
traffic simulation results.

Several articles give short outlines of the general workflow when setting up a
simulation with SUMO as well as an overview about the available tools for net and
demand generation and for the evaluation of the results. Further features include the
simulation of private and public transport modes, person-based trip chains as well as
the extension for the implementation of new behavioral models or remote control of the
simulation using various programing environments. The conference’s aim was bringing
together the large international user community and exchanging experience in using
SUMO, while presenting results or solutions obtained using the software. This col-
lection should inspire you to try your next project with the SUMO suite as well or to
find new applications in your existing environment.

July 2014 Michael Behrisch
Daniel Krajzewicz

Melanie Weber
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Models and Technical Innovations



SUMO’s Road Intersection Model

Jakob Erdmann(&) and Daniel Krajzewicz

Institute of Transportation Systems, German Aerospace Center, Berlin, Germany
{jakob.erdmann,daniel.krajzewicz}@dlr.de

Abstract. Besides basic models for longitudinal and lateral movement, a traffic
simulation needs also models and algorithms for right-of-way rules. This pub-
lication describes how passing an intersection is modeled within SUMO,
including a description of an earlier and the currently used model.

Keywords: Road traffic simulation � Intersection model

1 Introduction

SUMO [1, 2] is an open source road traffic simulation package developed at the
Institute of Transportation Systems at the German Aerospace Center. SUMO is a
microscopic traffic simulation which means that each vehicle is modeled explicitly.
Independently configurable models are used to define different aspects of each vehi-
cle’s driving dynamics. Multiple car-following models which describe longitudinal
movements are implemented as well as multiple lane-changing models that realize
lateral movements. The models used in SUMO were initially described in [3]. For
simulation of real-life networks, further models are necessary. This paper describes the
current implementation of the intersection control model used in SUMO. An earlier less
detailed model which was tied to a fixed simulation time step length of 1 s is also
described. The current model was implemented in order to overcome this earlier
model’s limitations.

This documented presents an extension to the description of the intersection model
given in [4]. It describes new features such as the modeling of stop signs and the
intersection type all-way stop. Additionally, the revised dynamics in regard to link
leaders is described. The topics of driver impatience and blocked intersections are
further additions to the preceding work.

The rest of this document is structured as following: In Sect. 2, the original and the
currently used model for intersection control are described. One aspect of the inter-
section model is the estimation of time windows in which a vehicle will occupy the
intersection. The accuracy of this estimation is the subject of the Sect. 3. In Sect. 4 we
present our conclusions.

2 Intersection Model

Generally, road networks are represented as graphs in SUMO. An intersection (“node”)
consists of incoming and outgoing edges. An “edge” represents a unidirectional road

© Springer-Verlag Berlin Heidelberg 2014
M. Behrisch et al. (Eds.): SUMO 2013, LNCS 8594, pp. 3–17, 2014.
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with one or more lanes. Each lane has a unique id which is derived from the edge id
and the numerical index of the lane starting with 0 at the rightmost lane. The lanes of
incoming edges are called incoming lanes and the lanes of outgoing edges are called
outgoing lanes. Within an intersection lie so called “internal lanes” which connect the
incoming lanes with the outgoing lanes. Vehicle movements across an intersection
proceed along these internal lanes just as they would on regular lanes. Internal lanes
were added to the simulation to obtain fine grained vehicle trajectories and to better
model the capacity of intersections.

A given lane may have more than one successor lanes. The connectivity among
lanes is defined with “links”. This gives rise to the “lane-graph” where lanes are
connected by links in contrast to the “intersection-graph” where intersections are
connected with roads.

In older versions of SUMO, before the introduction of internal lanes, there was a
link between an incoming lane and an outgoing lane. Vehicles have seemingly
“jumped” across an intersection. Since the introduction of internal lanes there is a link
between an incoming lane and an internal lane (called an “entry link” and another link
between the internal lane and an outgoing lane (called an “exit link”) as shown in
Fig. 1. The entry links of an intersection are numbered from 0 to n. Since there is
exactly one exit link for each entry link, the link index uniquely defines a connection
across the intersection from an incoming lane to an outgoing lane. The link indices are
computed using the following scheme: first, the incoming edges are sorted in clockwise
fashion. Then, the lanes, starting at the top-most are traversed. The links outgoing from
a lane are then iterated, starting with the right-most destination, relative to the incoming
edge. These link indices are used to uniquely identify a connection when specifying
right of way rules.

Fig. 1. Intersection model terminology in SUMO. The intersection has id X and features the
incoming roads a, b, c, d and the outgoing edges, −a, −b, −c, −d. The connection from incoming
lane d_2 to outgoing lane −b_0 crosses X on the internal lane X_10_0. The entry link with index
10 is circled at the left. The exit link is circled at the right.
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At most intersections, vehicles wait at the stop line at the border of the intersection
until they may cross conflicting streams of traffic. However, on some types of inter-
sections, left-turning vehicles are allowed to wait in the middle of the intersection. This
is modelled in SUMO by splitting internal lanes at the halting position and introducing
an “internal intersection” that lies within the original intersection. Vehicles using these
internal lanes always pass the entry link to the intersection and then wait at the internal
intersection instead. The right-of-way computation for internal intersections follows the
same principles as that of regular intersections.

2.1 Earlier Model

The right-of-way model that was implemented in the initial releases of SUMO is a
strong simplification of real world behavior. When approaching an intersection a
vehicle at first sets the information about its approach to the intersection. After this has
been done for all vehicles, the intersection “decides” which vehicles are allowed to pass
without braking and which vehicles have to yield. This is done using a right-of-way
matrix. This matrix describes which connections cross each other and which one has
the right of way in case of crossing connections. This concept is illustrated in the
following using an example.

Fig. 2. Two vehicles (top and bottom) are approaching intersection X from Fig. 1. The top
vehicle has to yield to the vehicle oncoming from the bottom on link 7 before it can make a left
turn on link 2 (Color figure online).

SUMO’s Road Intersection Model 5



Figure 2 shows an intersection which is approached from the top by a vehicle on
link 2 and from the bottom by a vehicle on link 7. Since the paths of both vehicles
intersect and both wish to cross the intersection in overlapping time intervals, a right of
way computation is performed. In Fig. 3 the right-of-way matrix for this intersection is
shown, emphasizing links 2 and 7. The matrix cell with row i and column j defines the
right of way for a vehicle approaching link i (called the “ego”-vehicle) in regards to
another vehicle approaching link j (called the “other”-vehicle). Depending on the colors
white, yellow or red, the ego vehicle ignores, has priority over or yields to the other
vehicle. In the example, the top vehicle (link 2) yields to the bottom vehicle (link 7)
because of the red box in cell (2, 7) which agrees with the common rules of traffic for
left-turning vehicles. This is mirrored by the yellow cell (7, 2) which indicates that the
bottom vehicle has priority over the top vehicle.

The matrix itself is static and computed during the network import/generation. In
the initial intersection model, traffic lights were implemented by removing the infor-
mation about vehicles approaching links with a red signal. As the participation in
determining which vehicles may drive is invalidated for these links by doing so, these
vehicles are not allowed to pass the intersection and also do not hinder vehicles at other
links.

Fig. 3. The right-of-way matrix of the intersection shown in Fig. 2. Row i corresponds to the
crossing/priority relation for link i. Link 7 crosses links 2, 3, 4, 5, 10, 11 but has the right of way
(yellow/light grey boxes). Link 2 crosses links 4, 5, 6, 7, 10, 11 but must yield to 6 and 7 as
indicated by red (dark grey) boxes. Since a vehicle approaches on link 7 (in the relevant time
interval) the vehicle on link 2 has to brake (Color figure online).

6 J. Erdmann and D. Krajzewicz



Even though this model works well for simulation steps of one second, it caused
problems when implementing sub-second time steps. Because the decision about let-
ting a vehicle pass the intersection is performed in each time step, vehicles must not
drive faster than their maximum braking ability multiplied with the step size time when
being in front of the intersection. This is necessary to ensure that the vehicle can still
brake if another vehicle with higher priority suddenly approaches. When decreasing the
duration of simulation steps, this velocity is decreasing by the same factor, too, as
depicted in Fig. 4.

This wrong behavior for lower step times was the motivation to change the
intersection control algorithm. Another important motivation was the need to model the
interaction between vehicles which occupy the intersection simultaneously. This
became necessary after the introduction of internal lanes on which vehicles may
decelerate or even stop. This requires other vehicles to react in order to avoid collisions.

From an architectural standpoint, transferring the logic for passing an intersection
from the intersection model into the driver model is assumed to be a development step
into the right direction, allowing further work on driver behavior modeling.

2.2 Requirements for an Improved Model

The goal for an improved intersection control model was to support all types of
intersection typically found around the world and to allow for realistic simulation
dynamics. The following intersection types are deemed necessary:

• Intersections without prioritization
– right-before-left
– all-way stop.

• Prioritized intersections with
– Different directions of the prioritized road (straight, turning),
– Unprioritized roads with yield or stop signs.

• Intersections controlled by traffic lights.

Fig. 4. Vehicle speed when approaching an intersection in the old model; (a) simulation steps of
1 s, (b) simulation steps of 0.1 s.

SUMO’s Road Intersection Model 7



Important aspects of realistic intersection dynamics are the following:

• No deadlocks,
• No collisions,
• Efficient use of the intersection,
• Realistic acceptance gaps,
• Approaching unprioritized links without stopping,
• Qualitative dynamics independent of the simulation step length.

The current intersection model meets all these goals.

2.3 Current Model

In this section we describe features which distinguish the current intersection model
from the previous intersection model. These features were implemented over a time
frame of more than 10 years following a growing list of requirements. The complete
specification of all implemented formulas and decision trees cannot be given due to
lack of space. However, the described concepts should serve as a useful guide when
reading the implementation sources of SUMO [5].

Approaching an Intersection. The key to correct the deficiencies of the original
model described in Sect. 2.1 was to not only consider the current time step, but to give
the right of way based on information about oncoming vehicles including an extrap-
olation of their time of arrival at the intersection. To do so, each vehicle informs the
entry link about its approach. In contrary to the initial model, not only the approach as
such is stored, but also the expected time of arrival at the intersection and the speed at
arrival. Using this information, the time within which a certain vehicle will occupy the
intersection can be computed. Each entry link also stores information about its “foe
links”. This corresponds to the red boxes in one row of the right-of-way matrix shown
in Fig. 3. When approaching an intersection (an entry link), a vehicle computes how
long it will occupy the intersection and then checks against all approaching vehicles in
all foe links of its entry link. If the requested time slot is separated from all approaching
foe time slots by a suitable safety gap the vehicle is allowed to pass the entry link and
thus enter the intersection. When the ego vehicle and the approaching foe vehicle have
the same target lane, safety depends on the speed difference between both vehicles. The
formula which determines whether a given situation is safe uses the same idea as that
used in car following, namely that the follower vehicle F with velocity vF and decel-
eration dF needs to be able to stop before the leader vehicle L (with velocity vL and
deceleration dL) does:

vL
2�dL [ vF

2�dF ð1Þ

A vehicle informs the entry links to the next few intersections on its current route (up to
a distance of about 3000 m) about its approach. Due to the advance knowledge of
approaching foe vehicles, a vehicle approaching on an unprioritized link cannot be
“surprised” by the sudden appearance of a foe. This allows decoupling the approach

8 J. Erdmann and D. Krajzewicz



speed from the simulation step size. Instead, vehicles decelerate up to a fixed distance
from the stopping line (default 4.5 m, corresponding to the default vehicle deceleration
of 4.5 m/s2). If braking is not necessary at this point they can safely accelerate and cross
the intersection. Otherwise they stop until there is a suitable gap in traffic.

Figure 5 shows that using this implementation assures similar behavior for different
simulation step sizes. The velocity used for approaching the intersection is the vehicle’s
deceleration capability multiplied with 1 s. For the standard Krauß parameters it is
equal to 16.2 km/h, what was found to be empirically valid when compared to mea-
sures obtained from test drives with DLR test vehicles. Within the current model, the
vehicle’s maximum deceleration ability is used for all intersections and all directions of
driving across them. Because in reality, this speed is mainly dictated by the possibility
to look into foe lanes for determining whether the intersection may be crossed, further
extensions of the model, in means of differing between approach velocities promise to
improve the model’s quality. It should be also noted that the simulated time line of
deceleration and acceleration is not yet matching the reality.

Dynamics within an Intersection. Once a vehicle enters an intersection by passing the
entry link, this link is no longer informed. Since vehicles follow normal movement
rules while on the intersection they may brake while on the intersection or even come
to a stop. Therefore, other vehicles require an additional mechanism for keeping track
of vehicles currently on the intersection in order to avoid collisions. The new imple-
mentation is designed to re-use the existing functionality of the car-following model for
letting vehicles maintain safe distances while interacting within the intersection. Nor-
mally, this functionality is only active for vehicles which move on identical or sub-
sequent lanes. At an intersection however, vehicles are on different lanes which cross
somewhere on the intersection or merge into the same outgoing lane.

To be able to use the car following functions two things are required.

1. A vehicle needs to know the lead vehicle;
2. There must be a well-defined distance between the follower and the lead vehicle.

Fig. 5. Vehicle speed when approaching an intersection in the new model. (a) simulation steps
of 1 s, (b) simulation steps of 0.1 s.

SUMO’s Road Intersection Model 9



The first point is accomplished by declaring the first vehicle of any two vehicles to
enter the intersection as the leader. This is particularly important, because several
vehicles may be driving within the space of the intersection at the same time and there
must be a non-circular leader-follow relation among them to avoid deadlocks (tech-
nically speaking, all vehicles must be in an antisymmetric, transitive and irreflexive
relation). The second point is accomplished by virtually superimposing both internal
lanes up to the crossing point. If both internal lanes merge into the same outgoing lane,
the crossing point is naturally the beginning of the outgoing lane.

We describe the position of the crossing point relative to the start of the respective
internal lanes. Let A denote the lane on which the leader vehicle drives and let B denote
the lane on which the follower vehicle drives. The position of the crossing point of
A and B on lane A, pos(CAB) is the driving distance from the start of lane A to the
geometrical crossing point (disregarding the width of the lanes). Likewise, pos(CBA) is
the position of the crossing point on lane B. Furthermore, pos(L) is the position of
the front of the leader vehicle L relative to the start of A and pos(F) is the position of the
follower vehicle F relative to the start of B. We define the distance of L from the
crossing point dL and the distance of F from the crossing point dF

dL :¼ pos CABð Þ � pos Lð Þ ð2Þ

dF :¼ pos CBAð Þ � pos Fð Þ ð3Þ

The distances dL and dF are visualized in Fig. 6. Using this notation, the virtual gap g
between both vehicles is defined as

Fig. 6. Distance dL of the leader vehicle (approaching from the bottom) and dR of the follower
vehicle (approaching from the top) to the crossing point of their future trajectories.

10 J. Erdmann and D. Krajzewicz



g :¼ dF � dL � length Lð Þ � minGap Fð Þ ð4Þ

Where length(L) is the physical length of vehicle L and minGap(F) is the minimum
gap that vehicle F intends to keep to its leader at all times. Note that g may be negative
which causes vehicle F to stop.

In the current implementation each exit link maintains a list of “foe internal lanes”.
These are the lanes which correspond to the yellow and red boxes in one row of the
right-of-way matrix in Fig. 3. In other words, these are the internal lanes which
intersect with the internal lane the approaching vehicle intends to use.

A vehicle that wishes to pass an exit link on its route asks this link for any
additional vehicles to which it must adapt its speed. These vehicles are called link
leaders. The link checks all of its foe internal lanes for occupancy computes the virtual
gap and returns each found vehicle as a potential link leader to be followed.

Figure 7 shows the same intersection as Fig. 1 with three vehicles A (driving from
the bottom towards the top, B (following A on the same route) and C (driving from the
left to the top). Vehicle C wishes to pass the exit link that belongs to link 11. Both
vehicles A and B are on the same internal lane which is a foe internal lane for link 11.
On the left side of Fig. 7, vehicles A and B are potential link leader for C. Since A and
B have entered the intersection before C, they will both be followed. In this case only
the speed adaption to B is relevant since B is already following A. On the right side of
Fig. 7 the situation is slightly different. Vehicle C has already entered the intersection
before vehicle B and therefore, C only follows A.

In the current implementation each vehicle maintains a list of link leaders being
followed for each exit link. This list is used when maintaining the antisymmetric link
leader relation among vehicles (vehicle C only sets vehicle B as its link leader if B does
not already have C as its link leader).

Fig. 7. Examples of link leader relations for the vehicles A (center), B (bottom) and C (left). In
the left figure A is the leader of B and both are the leaders of C. In the right figure A is the leader
of C and C is the leader of B because C entered the intersection before B.

SUMO’s Road Intersection Model 11



The use of the car-following model gives appropriate results if the vehicles L and
F approach the same outgoing lane. However, if the vehicles approach different out-
going lanes and their trajectories cross somewhere on the intersection, the car-following
model only returns an upper bound on the collision-free speed. This can be easily
understood when considering the situation shown in Fig. 8. Here the vehicle on the left
(C) is on a west-east trajectory across the intersection If the other vehicles (A, B) are
stopped on the intersection, C may drive up to the crossing point without causing a
collision even though the virtual gap g may be negative (the lengths of A and B which
influence g are irrelevant here). To reflect this situation, the implementation lets vehicles
drive with a speed that is as least as high as the maximum safe speed for stopping at the
point where the trajectories cross. The computation of that speed is again left to the car-
following model.

The link based model of detecting conflicting approach information coupled with
the handling of link leaders allows for full vehicle dynamics on the intersection
together with efficient use of the intersection as a natural extension of car following.

Additional Intersection Types. Another recent extension to the intersection model of
SUMO was the ability to model additional intersection types. Intersections of the type
“priority_stop” follow the same right of way rules as prioritized intersections but they
require vehicles on minor roads to come to a complete stop before passing the inter-
section. This is accomplished by checking the “waitingTime” of the respective vehicle
and forcing it to slow down unless that value is positive. As a consequence, vehicles
may only pass the intersection after stopping briefly. The waitingTime of vehicles is
among common vehicle attributes that are always tracked. It is incremented every
simulation step if the vehicle’s speed is equal or below a fixed threshold of 0.1 m/s and
reset to 0 every time the vehicle’s speed is above that threshold.

Intersections of type “allway_stop” also force the vehicles to slow down unless
they have a positive waitingTime. Additionally, the waitingTime of each vehicle is
recorded as part of the approach information. The right of way between two conflicting

Fig. 8. The vehicle on the left wish to go straight may drive up to the point where its trajectory
intersects with those of the other vehicles driving from bottom to top.
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vehicles is given to that vehicle which has a higher waitingTime. This forces vehicles
to stop briefly and pass the intersection in the order of their arrival.

Impatience. In the previous section it was described that the ego vehicle enters an
intersection if its expected time frame of intersection occupancy is sufficiently distinct
from the usage frames of all foe vehicles with higher priority. This is necessary to
ensure a collision free intersection model. However, there is yet another degree of
freedom which must be considered in this decision. Just as in reality, the ego vehicle
may enter the intersection “aggressively”, forcing foe vehicles to brake hard to
maintain safety relations. Or it may refrain from entering the intersection until it can do
so without disturbing other vehicles at all. Between these extremes lies a continuum of
behaviours which all satisfy the requirements of a safe intersection model. We model
this continuum using the term ‘impatience’ which is a real value from the interval [0,
1]. Vehicles with an impatience of 0 avoid actions which require other vehicles to slow
down while vehicles with impatience 1 will enter an intersection even if other vehicles
need to employ maximum deceleration to ensure safe driving distance. Generally
speaking, a vehicle with impatience α will enter an intersection if it expects to leave it a
time t and

t\ 1� að Þ � amin þ a� amax ð5Þ

where amin is the earliest time of the foe vehicles arrival at the intersection and amax is
the latest time of the foe vehicles arrival (using maximum deceleration). If the foe
vehicle can come to a full stop before the intersection amax is set to a constant value of
C seconds to prevent α from becoming meaningless by having infinities in the equation.
The current model uses C = 30 because it was found to work well but it was not put
against real-world measures.

The choice of α for the simulation has important implications for the fluidity of
traffic. If the value of α is too low, vehicles on an unprioritized road may be blocked
from driving indefinitely while there is heavy traffic on the main road. If the value of α
is near 1 traffic on the main road will be frequently disturbed in a manner that does not
fit real world experience.

To avoid these problems, the value of α is dynamic in the simulation. The very
name ‘impatience’ has been chosen because it implies something that grows over time.
In the simulation the value of α is defined dynamically as:

a :¼ MAX 0; MIN 1; aC þ waitingTime=Tð Þð Þ ð6Þ

where αC is a vehicle type specific constant defaulting to 0 which can be configured in
the range [−1, 1] to model the base level of driver impatience. The extreme values of
αC result in constant values for α of 0 and 1 respectively. The value of T is a con-
figurable simulation constant which governs the time after which stopped vehicles will
be removed to clear deadlocks (defaulting to 300 s). The value of T can be taken to
model that maximum waiting time that vehicles will typically tolerate. If this time is
exceeded the model is in an erroneous state (typically because a deadlock has devel-
oped) and this state is cleared by removing vehicles and inserting them at a later point
on their route. Using this definition of α, impatience of a vehicle (or rather its driver)

SUMO’s Road Intersection Model 13



grows while it is waiting to pass a link. This avoids major disturbances of traffic on the
main road in most cases but allows some disturbance where necessary to avoid com-
pletely blocking the unprioritized road.

Avoiding Blocked Intersections. According to traffic laws [6, 7] it is forbidden to
enter an intersection if there is a danger of not being able to pass the intersection and
consequently blocking cross traffic. As this rule requires some judgement about the
probable behaviour of downstream traffic and compliance to traffic laws is not perfect,
blocked intersections do still occur in reality.

With the introduction of internal lanes to the intersection model of SUMO, the
issue of blocked intersections must be addressed in the simulation as well. For every
vehicle approaching an intersection, there is a check whether the vehicle will be able to
leave the intersection and thus may begin entering the intersection. If this check fails
the vehicle stops before the intersection and repeats the check every simulation
step. As a side effect of a failed check, the stopping vehicle no longer prevents vehicles
with lower priority from crossing its path. This is important because otherwise a jam
on the priority road would immediately extend to any roads that cross it.

Just as in reality it is not a trivial thing to decide in advance whether a given vehicle
will be able to leave the intersection. In the following we describe the heuristic that is
used to prevent vehicles from blocking an intersection. The ego vehicle has a certain
space requirement s which consists of its physical length and the minimum standing
gap to its predecessor vehicle, which must be met behind the intersection. The length of
a vehicle and the size of the minimum gap are configurable attributes of a vehicle. The
minimum gap is the distance which a vehicle must keep to its predecessor when both
vehicles are stopped. If there is a stopped vehicle behind the intersection which leaves
less than s meters of space behind the intersection the check immediately fails. This
idea is extended to cover cases where the leader vehicle is still moving.

For every simulation step there is a look-ahead horizon which the ego vehicles uses
to plan future movements (mainly in regard to maintaining safe velocities and to follow
its route). As a result of this horizon it is known which lanes the ego vehicle will drive
on in the next simulation steps unless a lateral change of lanes occurs. Along these
lanes a check is done until the first stopped vehicle is found or the lanes are exhausted.
Along the way, the available space (lengths of the regular lanes) is accumulated as well
as the space requirements of moving vehicles (length and minimum standing gap). The
check succeeds only if the available space is sufficient to meet the combined space
requirements of the ego vehicle and the moving vehicles up to the next stopped vehicle
or the end of the look-ahead horizon. During the forward search along the future lanes
of the ego vehicle two more things are treated just like stopped vehicles: closed links
and vehicles which are about to stop. A closed link is one that prevents vehicle
movements such as a red light or a minor road with incoming priority traffic. Whether a
vehicle is about to stop is determined by checking that vehicle’s tail lights and by
checking whether the vehicle was flagged as about to stop in the previous simulation
step. These flags are a technical solution for improving a driver’s ability to anticipate
the behavior of fellow drivers and can be thought of as modeling a driver’s situational
awareness.
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It should be noted that the check by the ego vehicle is performed for all inter-
sections along the look-ahead horizon. It may well be possible that the ego vehicle can
safely enter the first intersection but has to slow down already because it may not enter
the intersection after that. Another thing that must be considered is a minimum length
for the look-ahead horizon. For reasons of avoiding collisions a vehicle only needs to
look ahead as far as its current braking distance. However, to detect whether there is
enough space ahead for leaving an intersection a larger look-ahead is sometimes
needed. The current simulation model sets the minimum look-ahead distance to 5 times
the length of the vehicle because this was found to work empirically. Taken together,
these heuristics prevents blocked intersections in most situations. The few remaining
failure cases are characterized by the emergence of jam conditions immediately after a
successful check.

3 Estimation of Link Entry/Exit Times

In the following, the estimation of times and speeds of arrival and leaving an inter-
section is discussed. Figure 9 shows the deviations of the estimated speeds and times
over time for a major (high prioritized) link. These vehicles do not have to break.
“deviation” denotes here the difference value obtained by subtracting the real from the
estimated value in the following Figures. One may see that the times of arrival and
leaving are both estimated too low and only increasingly move towards the correct
value. This is due to the random “dawdling” behavior of SUMO’s default car-following
model, see [8]. If the dawdling is disabled, the estimation is correct from the very begin
on (not shown, here). The deviations in time are due to the same reason. They are
straight, as in each time step, the estimation is based on the perfect speed (50 km/h in
the shown example) and the dawdling is performed by the model afterwards. It should
be noted, that the estimation could be more correct, if the dawdling, regarding its
stochastic nature, would be taken into account during the computation of the times/
speeds.

a) b)

Fig. 9. Deviations of the estimated time (left) and speeds (right) from their final counterpart for
arrival at an intersection (red) and leaving an intersection (blue) for vehicles which have the right
of way. In the left figure, the blue curves are grouped at the top while the red curves are grouped
at the bottom. In the right figure, red and blue curves are intermixed evenly (Color figure online).

SUMO’s Road Intersection Model 15



The additional error in estimating the leave time is probably due to taking into
account the distance to the leader in jam/when standing (SUMO’s “minGap” attribute
of a vehicle type), which was set to 2 m in the shown example; 2 m divided by
13.89 m/s gives the offset shown here, which is about 0.14 s.

The difference in starting times is due to using a random position for the place the
vehicle departs at. This was done for adding randomness into the possible co–occur-
rences of vehicles at high and at low prioritized roads. The behavior of vehicles on
prioritized roads is straightforward and can be easily explained, see above. But the
behavior of vehicles that have to react to crossing traffic is more complicated. Shown in
Fig. 10 the shape of time estimation development has three peculiarities. The first are
large overestimations of the arrival and the leave time by about 260 s. The second can
be seen better when focusing on the majority of traces, as done in Fig. 10(b) and (d).
They show that the speed is – in addition to the continuous progress towards a correct
value – oscillating with an amplitude of 2 s. The reason could be the dawdling, as
discussed for vehicles approaching a major intersection. But, when looking at the same
run with a dawdling value set to zero, as visualized in Fig. 10(c) and (d), some
oscillations are still visible. The third peculiarity is an overestimation shortly before the
link is reached. At the current time, these effects cannot be explained.

a) b)

c) d)

Fig. 10. Deviations of the estimated time from their final counterpart for arrival at an
intersection (red) and leaving an intersection (blue). Top: with default dawdling, bottom: with no
dawdling, left: the complete figure, right: focus on the majority of approaches. Values are for
vehicles which have yield (do not have the right of way). In all plots red and blue carves are
intermixed evenly (Color figure online).
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4 Summary

The currently implemented model for right-of-way rules at intersections was presented.
Important features for the detailed simulation of intersection dynamics such as the
computation of approach speeds, the computation of safe acceptance gaps, and the
prevention of jammed intersections were described. Furthermore, it was shown that the
model is suitable for simulations with configurable time steps. Preliminary validation
results of the approaching behavior were presented. These will be part of a larger
validation effort which is planned for all of the simulation models implemented in
SUMO.
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Abstract. In this work we introduce the Necessary-Deceleration-Model
(NDM) which is a car-following-model developed to investigate driving
behavior of bicycles. For this purpose the derivation of the mathematical
description of the NDM is investigated. For the sake of calibration and vali-
dation of the model, several experiments are performed. The results of the
experiments are presented and examined. Finally, the limits and possibilities of
the NDM are discussed.

Keywords: Driving dynamics � Bicycles � Car-following-model � Ordinary
differential equations

1 Introduction

Recently people’s awareness of the environment changed due to the global warming
and lack of resources. Many people use their bicycle not only as a leisure activity but
also in order to reach their work site [8]. Therefore it is not surprising that the popu-
larity of cycling has grown in the last years and is still increasing. In Central Europe
more and more tracks for cyclists are built or are still in planning. Furthermore, the use
of e-bikes and pedelecs increased, such that special routes for fast bicycles are in
consideration.

In some situations, where special routes for bicycles are missing, cyclists must use
together with cars the same route. However, neither traffic systems in which only
cyclists are involved nor heterogeneous traffic systems with cars, motorcycles, bicycles,
e-bikes and pedestrians are well investigated [7, 11, 12].

A long-range goal is to find and determine characteristics which are necessary for
planning and designing roadway facilities and for controlling and regulating traffic
flow [10].

In order to achieve this goal we investigate basic driving dynamics with help of the
Necessary-Deceleration-Model scrutinized in the following sections.
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2 The Necessary-Deceleration-Model

2.1 Miscellaneous

The Necessary-Deceleration-Model (NDM) is a uni-dimensional car-following-model
continuous in space especially designed to simulate the driving behavior of bicycles.

Like car-following-models in general [1, 2], the NDM describes the driving
behavior of a vehicle from its own perspective while it is in a traffic system. That means
the state variables of each vehicle are updated at each time step and determined by
mathematical regularities (see Fig. 1).

A driver, regardless of the type of vehicle he uses, has a desired speed which he tries to
reach if there is no slower vehicle or obstacle in front of him.

In case there is a slower moving predecessor, the driver will decrease his speed by
decelerating until his speed is aligned to the speed of the predecessor. The amount of the
deceleration depends on the current headway s [1–3] and the current difference of the
velocities Dvð¼ vi�1 � viÞ between the considered driver and his predecessor [1, 3, 4, 9].
Considering s and Dv in every time step the deceleration has to be high enough to avoid
collisions [1, 4, 9].

As all vehicles can only decrease their speed with a certain maximum deceleration,
the driver has to maintain a safety distance dðvÞ depending on his own speed [1, 3].

2.2 Derivation of the NDM

The NDM consists of three components acc, dec1 and dec2 representing the acceler-
ation and the deceleration of a vehicle. As the NDM is discrete in time, the velocity and
the spatial coordinate of a driver in the next time step are numerically calculated by
means of an adequate numerical solver and considering the superposition of the
acceleration and deceleration terms as expressed in the following equations:

x t þ Dtð Þ ¼ x tð Þ þ v tð Þ � Dt; ð1Þ

v t þ Dtð Þ ¼ v tð Þ þ accþminðdec1 þ dec2; bmaxð ÞÞ � Dt; ð2Þ

with: Dt ¼ a time constant.

Fig. 1. Spatial coordinate, velocity and acceleration of a virtual vehicle in a uni-dimensional car-
following-model while it is in a breaking progress.
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Acceleration. The first term acc is representing the free acceleration of a vehicle until it
reaches its desired speed v0. For this purpose the following expression [5] is used:

acc ¼ v0 � v
s

: ð3Þ

The relaxation time s regulates how fast a vehicle can accelerate to its desired speed.
If a driver falls below the safety distance d vð Þ it is not necessary and furthermore

not useful for him to continue accelerating. That means the term acc is only supposed
to be effective if the vehicle’s current distance s is bigger than the safety distance d vð Þ:

acc ¼
0; s� dðvÞ

v0 � v
s

; s[ dðvÞ:

8<
: ð4Þ

For simplicity the safety distance d vð Þ is assumed to be linearly velocity-dependent:

d vð Þ ¼ s0 þ lþ T � v; ð5Þ

with:

s0 = distance between two standing vehicles (see Fig. 2),
T = constant of proportionality,
l = length of the considered vehicle.

Deceleration. As mentioned earlier a driver has to decrease his speed with a decel-
eration that is high enough to avoid a collision with an obstacle in front of him. For this
purpose we introduce the fundamental physical equation

snec ¼ Dvð Þ2
2b

: ð6Þ

In this case snec is representing the necessary braking distance of a vehicle to avoid a
collision. It depends on the square of the relative speed if the vehicle decreases its
speed with a certain deceleration b. If we rearrange Eq. (6) to

bnec ¼ Dvð Þ2
2s

ð7Þ

we obtain the necessary deceleration bnec to avoid a collision depending on the current
difference of the speeds of the considered vehicle and his predecessor and the current
headway s.

However, s describes the distance between the centers of two vehicles. As vehicles
of all type have a physical length, we need to increase the braking distance, so that the
foremost point of a vehicle does not touch the tail of the front vehicle. Furthermore it is
common to preserve some security distance between the vehicles even if all of them
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had come to a standstill. Taking these considerations into account we obtain from
Eq. (7)

bnec ¼ Dvð Þ2

2 s� 2 � l
2
� s0

� � ð8Þ

as the necessary deceleration for a vehicle to avoid a collision and to keep a certain
distance to the front vehicle after the braking process (see Fig. 2). Hereby we assume
that all vehicles have the same length l.

As the necessary deceleration bnec is expected to be high enough to avoid headways
below s0 þ l, there is for now no need to consider the case s� s0 � l� 0.

Since no type of vehicle is able to slow down with a deceleration higher than a
certain maximum, we have to consider the limitation of the necessary deceleration bnec
to a maximum bmax. We obtain:

bnec ¼ min
Dvð Þ2

2 s� l� s0ð Þ ; bmax
 !

: ð9Þ

Because of the limitation of bnec to the maximum bmax the minimal distance s0 þ l can
be undercut in dangerous braking situations. However, using realistic values for the
model parameters these undercuts are negligibly small. Hence, they can be tolerated.

To distinguish bnec from further, later introduced, deceleration terms we define:

dec1 :¼ bnec: ð10Þ

The NDM is already up to now able to simulate plausible driving behaviour of vehicles
in the three fundamental traffic situations (free accelerating, moving in a group,
approaching an obstacle) of the longitudinal dynamic [1], except for the following
situation:

As a driver approaches his predecessor, he decreases his speed until it is aligned to
the front vehicle’s speed. Assuming the considered driver has to decelerate with a high
deceleration, so that he undercuts the safety distance, there is no deceleration which let
him fall back to maintain the safety distance again. Because dec1 ¼ 0 if the velocities

Fig. 2. Aspired distance dðvÞ between two standing vehicles.
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of two considered vehicles are aligned, an additional deceleration term must be con-
sidered, namely:

dec2 ¼ bmax
l� d vð Þð Þ2 � s� d vð Þð Þ2: ð11Þ

The second deceleration term dec2 is only effective if s� dðvÞ.
The fact that dec2 vanishes if s ¼ dðvÞ guarantees a continuous deceleration in

every situation.
Since the distance between two drivers quickly increases if the front one is vastly

faster, it is only necessary for the second deceleration term to be effective if the
difference between the velocities is lower than a constant parameter �. We obtain:

dec2 ¼
bmax

l� d vð Þð Þ2 � s� d vð Þð Þ2; s� d vð Þ;Dv� �

0; otherwise:

8<
: ð12Þ

As dec1 and dec2 can be effective simultaneously in certain situations we have to limit
their summation to the maximum possible deceleration bmax due to the previously
mentioned fact, that a vehicle can only decrease its speed with a deceleration not more
than a certain maximum.

3 Calibration and Validation of the NDM

3.1 Miscellaneous

For calibration and validation of the NDM we evaluate the bicycle experiments dated
on May, 6th 2012 in Wuppertal, Germany performed by the University of Wuppertal in
cooperation with Jülich Supercomputing Center. About 30 participants aged 7–66 years
were involved. Two of the participants used an e-bike.

Using the videos filmed by two cameras that overlooked the whole area of the car
park (see Fig. 3) we were able to extract the trajectories of the cyclists. As part of the
test runs two different types of experiments were carried out.

The first experimental run called Single Experiments was performed to investigate
the individual behaviour of cyclists while accelerating. For this purpose participants
have to increase their speed from zero until the desired speed is reached.

We carried out the second experimental run called Group Experiments to investi-
gate the collective driving behaviour of cyclists while moving in a group. There for a
settled number of cyclists are supposed to drive through an oval track simultaneously
without being allowed to overtake (see Fig. 3). The participants were told to drive
normally without haste.

3.2 Data Analysis Methods

The measuring range was located at one of the straight lines of the oval track. Its length
Dx has been set to 20 m.
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The Single Experiments or rather the individual acceleration progress of a cyclist
took place in the measuring area without exception. For every recorded time step j of an
acceleration phase we calculate the current speed of the regarded vehicle i (see Eq. 13).

vi;j ¼ xj � xj�1

tj � tj�1
: ð13Þ

For the sake of measuring the density and velocity of the system while performing the
Group Experiments we make use of the following data analysis methods:

For every pass of a bicycle through the measuring area ðt 2 tin; tout½ �Þ its mean
speed is determined by using Eq. (14).

vi ¼ Dx
tout � tin

6½ �: ð14Þ

Additionally at every time step a bicycle is located in the measuring area the amount of
bicycles N in the area is counted. We use Eq. (15) to obtain the mean density assigned
to each participant passing through the measuring range. (In Comparison with [6]
Eq. (15) is changed for our purpose to analysis discrete one-dimensional data.)

Fig. 3. Experimental set-up (Group Experiment) with 33 participants.
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qi ¼
1

ðtout � tinÞ � Dx �
Xtout
ti¼tin

Ni;ti 6½ �: ð15Þ

Taking into account the mean speed and mean density assigned to a pass through of a
vehicle as a tuple we are able to set up the velocity-density and flow-density relation.
The flow Ji is calculated by Eq. (16).

Ji ¼ vi � qi: ð16Þ

For the sake of investigating the velocity-headway relation (see Fig. 6) we calculate the
velocity with the aid of Eq. (14) and make use of the following headway definition:

di ¼ 1
qi
: ð17Þ

3.3 Driving Behaviour While Accelerating

Experimental Results. The average desired speed of the participants is about 4.3 m/s
(corresponds 15.5 km/h) (see Fig. 4). The standard deviation of the desired velocity

Fig. 4. Free flow acceleration of real cyclists and cyclists simulated using the NDM.
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resulted in 0.57 m/s (corresponds 2.05 km/h). On average it takes 20–25 m to accel-
erate to the desired speed and the duration of the acceleration phase is about 7 s.

Calibration. As shown in Fig. 4 the exponential acceleration that emerges from Eq. (3)
is in good agreement with the empirical acceleration process of the participants.
Therefore, the model parameter v0 is assumed as Gaussian-distributed with a mean
value of 4.3 m/s and a standard deviation of 0.57 m/s. The parameter s is set to 1.4 s.

Fig. 5. Experimental flow/density-velocity relation (Exp. -33 = Exp. 33 (anti-clockwise)).
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3.4 Driving Behaviour While Moving in a Group

Experimental Results. By analyzing the results of several experimental runs of the
Group Experiment with various numbers of participants the fundamental diagrams can
be set up. For this purpose experimental runs with 5, 7, 10, 15, 18, 20 and 33 par-
ticipants have been performed. In the run with 33 vehicles the drivers had to move
clock- and anti-clockwise. The length of the circuit was set to 86 m.

The following characteristics of driving behaviour can be extracted from Fig. 5.

Fig. 6. The headway of cyclists with respect to the speed.

Table 1. Adapted model parameters of the NDM calibrated by using the measurements of the
bicycle experiments.

Model parameter Value

v0 Gauss-distributed (mean-value: 15.5 km/h;
standard deviation: 2 km/h)

s 1.4 s
T 0.72 s
s0 0.2 m
l 1.73 m
bmax −5.5 m/s
� 1.8 km/h
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The maximum flow of ca. 0.8 s−1 is located at the density of *0.25 m−1. By
density regions below this density, the mean speed of drivers is mainly determined by
the speed of the slowest one, since he is the only one who can freely accelerate,

Fig. 7. Comparison of the fundamental diagrams of the experimental runs and the simulation
runs (N = 1, 2, 3, 4, 5, 8, 10, 15, 18, 20, 22, 25, 28, 30, 33) performed by the NDM using the
model parameter listed in Table 1 and the numerical integration interval Dt ¼ 0:01s:
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respectively, moving with his desired speed. Above the density 0.25 m−1 the slowest
driver is hindered by his predecessor as well, that is, the speed of the system is no more
determined by the desired speed of the slowest vehicle.

Calibration. We already could determine the real values of the desired speed and the
relaxation time of the acceleration progress to calibrate the NDM by investigating the
Single Experiments. Furthermore we obtained the mean length of a bicycle (1.73 m) by
surveying all bicycles before starting the experiments.

Adapting the results of experiments according to the maximum deceleration of
bicycles performed by [13] we set the parameter bmax to 5.5 m/s2.

We make use of the results of the experimental runs to calibrate the remaining
model parameters. To adjust the parameters s0 and T we build up the headway-velocity
relation of the experiment (see Fig. 6).

Fig. 8. Comparison of the trajectories (N = 15) of the experimental and the simulation runs
performed by the NDM using the model parameter listed in Table 1 and the numerical integration
interval Dt ¼ 0:01s:
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We assume that only the velocity-headway relation located lower than the velocity
of the slowest driver, namely *3.35 m/s, is relevant to calibrate the parameters of the
safety distance. That means we solely regard the systems in which the density is high
enough so that every driver is hindered to drive freely by his predecessor. Hence, the
distance between two vehicles can be understood as the safety distance in this case.

Using two tuples of the headway-velocity relation taken from the area below the
velocity of *3.35 m/s we fit a linear function which represents the safety distance (see
Fig. 6). Note that the linear function can only approximately describe the safety dis-
tance. However, for the sake of calibration our model parameters this procedure is
sufficient.

The linear relationship of the safety distance and the speed is found to be as:

d vð Þ ¼ 1:93þ 0:72 � v ð18Þ

Fig. 9. Comparison of the trajectories N = 20 (Adjustment of the parameters: see Caption
Fig. 8).
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Accordingly we can set the parameter T to 0.72 s. As the safety distance is
described by s0 þ l and we already have measured the length of a vehicle l as 1.73 m
(see above) we notice 0.2 m to calibrate the parameter s0.

We have calibrated every single model parameter by using experimental data
except for the parameter �. We set � to 1.8 km/h as an preliminary estimate.

The adapted model parameters are summarized in Table 1.

Validation. Considering the calibrated model parameters of the NDM (Table 1) the
relation of velocity, density and flow can be realistically reproduced by the NDM (see
Fig. 7).

The qualitative behaviour of cyclists is investigated by comparing the experimental
and simulated trajectories of selected systems. In Fig. 8 we show the trajectories of a

Fig. 10. Comparison of the trajectories N = 33 (Adjustment of the parameters: see Caption
Fig. 8).
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run with 15 participants. In this system the group building or rather queue building of
the cyclists is predominating. There is at least one driver who can drive freely.

We see this driving behaviour as well in the simulation as in the experiment.
By comparing the subfigures of Fig. 9 we notice that the cyclists of the experi-

mental and the simulated run with 20 drivers show similar patterns again. The system is
predominated by an equal distribution of the participants. The drivers still drive with a
constant speed.

In Fig. 10 the trajectories of the system with 33 participants are shown. By
investigating the figure we notice the occurrence of congestions. That is, although the
drivers do not come to a standstill most of the times they have to vary their speed partly
noticeably. Again, the simulated and the real cyclists show these patterns.

4 Conclusion, Limits and Possibilities of the NDM

Since the NDM is developed by using fundamental physical relationships, the model
parameters reflect physical characteristics of the driver or the vehicle. The NDM can
model plausible driving behaviour in the three traffic situations of the longitudinal
dynamic (free accelerating, moving in a group, approaching an obstacle).

By using the calibrated parameters, collisions do not occur. The driving dynamics
responds only slightly to changes in the model parameters. Figures 4, 5, 6, 7,
8, 9, and 10 show that the model provides reasonable quantitative and qualitative
results when plausible values for the model parameters are used. Especially the com-
parison of the fundamental diagrams (see Fig. 7) shows that the NDM can model
realistic driving behaviour of cyclists moving in a group. Furthermore, as seen in Fig. 4
the NDM is able to replicate the free acceleration progress of cyclists.

By comparing the trajectories of simulated and real drivers (see Figs. 8, 9, and 10)
we notice similar behavioural features in various closed traffic systems with different
densities.

Although originally the NDM has been developed to model the dynamics of
cyclists in a traffic system, it is technically possible to simulate the dynamics of cars or
shared-used routes as well. However, a thoroughly investigation of the NDM to
investigate the exact dynamics of the mentioned systems is scheduled for future works.
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Abstract. Future traffic that will be accompanied by higher alternative drive
concepts will pose as a challenge when it comes to corresponding energy sys-
tems, coordination of operations, and communication interfaces, such as needed
for data acquisition and billing. On one hand, the increasing attractiveness of
electric vehicles will inevitably lead to the development and testing of com-
patible technologies; on the other, these will need to be conformed to existing
systems, when integrating them into the prevailing infrastructure and traffic.
Funded by the German Federal Ministry of Transport, Building and Urban
Development, an inductive vehicle charging system and a compatible prototype
bus fleet shall be integrated into Braunschweig’s traffic infrastructure in the
scope of the project emil (Elektromobilität mittels induktiver Ladung – electric
mobility via inductive charging). This paper describes the functional imple-
mentations in SUMO that are required by the methodic approach for the eval-
uation of novel charging infrastructures by means of traffic simulation.

Keywords: Traffic simulation � Urban traffic � Inductive energy transfer �
Public transportation � Vehicle model

1 Introduction

The prospective post-oil era and rising fuel prices have lately resulted in several global
trends towards alternative drive technologies. The main advantage of gasoline fuel over
other energy carriers is its high specific energy of up to 44.0 MJ/kg. Current projections
for the development of equally convenient alternative energy storages go far beyond
2030. Thus, the utilization of alternative energy sources, such as the electrochemical
energy stored in Lithium-Ion batteries (0.5 MJ/kg), will result in high vehicle masses
and/or low ranges for the coming decades [1, 2].

Measures that aim to counter these deficits include the application of light-weight
materials, energy/time-optimal routing, intelligent control of and communication with
traffic light-signal systems, and government regulations that introduce (operational,
financial and/or infrastructural) incentives for buyers of vehicles with alternative drive
concepts.

The German Federal Ministry of Transport, Building and Urban Development
(BMVBS) has therefore granted the funding of the project emil (Elektromobilität
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mittels induktiver Ladung – electric mobility via inductive charging). It includes the
evaluative implementation of an inductive energy transfer system for public trans-
portation and a compatible prototype bus fleet in the city of Braunschweig. The bus
lines in question are the M29 and M19 that circle the city center counter-clockwise and
clockwise, respectively. They carry the highest percentage of Braunschweig’s publicly
transported passengers with a high frequency from and to major traffic nodes and
landmarks such as the central train station and the university. Figure 1 illustrates
Braunschweig’s urban road network.

The goal of the project emil is to analyze and optimize the operation and economic
feasibility of an inductive electric charging system and to develop suitable operating
strategies. One focus of research lies in the analysis of integrative aspects that allow for
the common utilization of the charging and road transport infrastructure by public and
private transport with minimum obstruction of public and total traffic. After outlining
the methodic approach for these analyses, the implementations in SUMO shall be
described that allow for its utilization in urban traffic optimization.

Fig. 1. Braunschweig’s urban road network with the route of bus lines M19 and M29 (broad
line) © OpenStreetMap-Contributors
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2 Methodic Approach

The goal of possible optimization measures (e.g. via genetic algorithms) lies in finding
an optimum of the considered system in regard of the energy consumed. This evalu-
ation requires a suitable simulation tool that allows the implementation of custom traffic
scenarios, including traffic demand, a charging infrastructure, customized vehicles,
prioritization, and different light-signal schedules. Additionally, it needs to generate an
output of the required energy of individual road traffic participants and the entire
system as the desired optimization criterion.

Since no simulation tools exist that allow all the mentioned requirement to be
modeled, the best choice for this task is the traffic simulation tool SUMO (Simulation
of Urban MObility), due to its open source character and high compatibility with
numerous data sources, including many commercially available traffic simulation tools
[3, 4]. Its development was initiated by the Institute of Transportation Systems of the
German Aerospace Center (DLR), in 2001. It has evolved into a 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
prevailing traffic in arbitrary road networks.

The intended approach in the scope of this project is to model current representative
traffic scenarios that take into account the existing infrastructure, a time-varying traffic
demand model (differentiating between representative peak and nonbusy periods), and
light-signal schedules [5]. Meanwhile, the implementation of new functionalities in
SUMO on the system-function level will allow for the instantiation of inductive
charging stations and compatible vehicles. Operation parameters will have to be
identified and/or set for the inductive charging system and traffic demand, to create a
representative scenario for Braunschweig’s urban traffic. Figure 2 depicts the above
described method, highlighting interfaces between SUMO’s current functionalities,
required additional functionalities, and an external optimization framework.

Fig. 2. Project structure with interfaces between basic functionalities (gray), additional function-
alities (green), and an optimization framework (blue) (Color figure online)
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3 State of the Art and Vehicle Model

In order to generate an output about the consumed energy, an energy model will have
to be implemented for instantiated vehicle objects. Numerous methods, functions and
approaches exist that perform traffic quality assessment calculations, giving feedback
about its characteristics. Implemented functionalities in SUMO include the vehicle- and
lane-based HBEFA-emission [6] and HARMONOISE-noise [7] calculation and the
corresponding generation of a suitable output.

In order to allow energy assessments and subsequent optimization, an additional
framework has also been developed by Maia et al. [8]. The work is based on a
sophisticated vehicle model that takes into account mechanic and electric vehicle
parameters and calculates the variation of the depth of discharge between discrete time
steps. If a vehicle’s movement requires a higher torque than its defined maximum,
recalculations of the vehicle speed and acceleration take place in order to comply with
the constraints of its components. The depth of discharge is subsequently calculated
using an electrical traction model.

With the aim to enhance computation time, this paper presents the implementation
of a similar vehicle model, which merely focuses on energy as the simulation output
and reduces the complexity of required calculations. Additionally, this model evaluates
the energetic state and calculates variations in energy content of corresponding vehicles
without affecting their driving behavior. Additional benefits of this model include fewer
required input arguments for instantiating vehicle objects.

3.1 Vehicle Energy Model

The change of one vehicle’s energy content can be calculated by summing its kinetic,
potential, and rotational energy gain components from one discrete time step to the
following, and subtracting the losses caused by different resistance components [9].
The vehicle’s energy Eveh k½ � at the discrete time step k can thus be calculated by Eq. 1,
with the known variables vehicle mass m, time variant vehicle speed v[k], gravity
acceleration g, time variant vehicle altitude h[k], and moment of inertia of internal
rotating elements Jint.

Eveh k½ � ¼ Ekin k½ � þ Epot k½ � þ Erot;int k½ �
¼ m

2
� v2 k½ � þ m � g � h k½ � þ Jint

2
� v2 k½ �

ð1Þ

In consideration of energy losses DEloss k½ � caused by air, rolling, and curve resis-
tance and constant consumers (e.g. air conditioning), the energy gain between time
steps k and k + 1 can be calculated by Eq. 2.

DEgain k½ � ¼ Eveh k þ 1½ � � Eveh k½ � � DEloss k½ � ð2Þ

The energy loss is made up of the components in Eq. 3, with the variables air density
qair; vehicle front surface area Aveh; air drag coefficient cw; covered distance s[k],
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rolling resistance coefficient croll; centripetal force Frad; curve resistance coefficient crad;
and the (average) power of constant consumers Pconst [9].

DEloss k½ � ¼ DEair k½ � þ DEroll k½ � þ DEcurve k½ � þ DEconst k½ �
DEair k½ � ¼ 1

2
qair � Aveh � cw � v2 k½ � � Ds k½ �j j

DEroll k½ � ¼ croll � m � g � Ds k½ �j j

DEcurve k½ � ¼ crad � m � v2 k½ �
r k½ � � Ds k½ �j j

DEconst k½ � ¼ Pconst � Dt

ð3Þ

Depending on its sign, DEgain k½ � is the amount of energy the vehicle has consumed
or regained resulting from its movement. The variation of the energy contained in
the vehicle’s battery can further be calculated by Eqs. 4 and 5 by introducing con-
stant efficiency factors for recuperation grecup DEgain k½ � [ 0

� �
and propulsion

gprop DEgain k½ �\ 0
� �

:

EBat k þ 1½ � ¼ EBat k½ � þ DEgain k½ � � grecup ð4Þ

EBat k þ 1½ � ¼ EBat k½ � þ DEgain k½ � � g�1
prop ð5Þ

3.2 Vehicle Charging Model

For the purpose of evaluating a charging infrastructure, a new object will have to be
implemented into SUMO that supplies compatible vehicles (or their batteries) with
energy for their operation. The location of charging stations as well as their charging
power and efficiency needs to be specifiable by the user. If a vehicle moves or stops
above or within a system-specific proximity of such an infrastructure element, the
energy content of its battery is charged according to Eq. 6, with charging power Pchrg;

charging efficiency gchrg; and duration between two discrete time steps Dt.

EBat k þ 1½ � ¼ EBat k½ � þ Pchrg � gchrg � Dt ð6Þ

Following the calculations of the energy variation between two discrete time steps,
the battery’s energy content is limited to the user-specifiable range

0�EBat �EBat;max: ð7Þ

Calculations of this energy model can be restricted to vehicles with EBat;max [ 0;
further reducing computing times.

3.3 Model Simulation and Results

For the correct dimensioning of components and layout, the technology provider
Bombardier Transportation GmbH has developed a sophisticated simulation model for

Implementation of an Energy Model and a Charging Infrastructure in SUMO 37



the variation of the battery’s energy content. Since the vehicles, which are to be used in
this project, are still in development, this output of this sophisticated model is the only
reference for a representative parameterization. In order to show that the simplistic
vehicle model presented above is capable of calculating the trend of a vehicle’s energy
content with adequate accuracy, it has been given the same route as input, as
Bombardier’s sophisticated model (Solaris Urbino 12). Figure 3 shows the vehicle’s
route and its topographic profile.

In a subsequent step, parameters for the newly developed vehicle model in SUMO
have been determined that represent the reference behavior optimally, in the sense of
least-squares. The reference (blue) and parameterized (red) simulation outputs for the
same route as the model input are shown in Fig. 4. The cumulated Dt ¼ 1sð Þ deviation
of the two simulation outputs add up to EError ¼ 3:3998 kWh2.

The implementation of this vehicle kinematic and charging model is described in
Chap. 4.

Fig. 3. Designated bus route (left) and its topographic profile (right)

Fig. 4. Simulation outputs of Bombardier’s reference simulation and the newly implemented
energy model with an optimal parameter set
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4 Implementation

The new implementations focus around the newly created battery device as part of the
micro-simulation engine MSDevice_Battery. It allows the definition of vehicle types
with new parameters and performs the calculations of the model described in Sect. 3.2.
Modifications in the net-loading modules further allow the definition of charging sta-
tions with its relevant parameters, as described in Sect. 3.3. The modifications were
made on the basis of SUMO revision 14712 and successfully validated with newer
releases of SUMO.

For the calculation of the energy variation in a vehicle’s battery, new parameters
had to be introduced that can describe vehicle types. Table 1 lists all new parameters
for vehicle type definitions. If a vehicle type is defined with one or more of the
described parameter definition keys, it gets assigned to the MSDevice_Battery object of
the respective vehicle object. If one or more parameters are missing, a default value of
0 is assigned to the corresponding vehicle parameter.

The basic structure of bus stops was used for the implementation of charging
stations. A new charging station class MSChrgStn was created and the netload modules
were extended to parse for charging station definitions. If one is found, a charging
station is built according to the parameters listed in Table 2.

Table 1. Newly introduced vehicle parameters

Parameter Parameter definition key Default

Maximum battery capacity Emax “MaxBatKap” 0 (kWh)
Vehicle mass mveh “Mass” 0 (kg)
Front surface area Aveh “FrontSurfaceArea” 0 (m2)
Air drag coefficient cw “AirDragCoefficient” 0
Mom. of inertia of int. rot. elements Jint “InternalMomentOfInertia” 0 (kg·m2)
Radial drag coefficient crad “RadialDragCoefficient” 0
Rolling resistance coefficient croll “RollDragCoefficient” 0
Avg. power of consumers Pconst “ConstantPowerIntake” 0 (kW)
Drive efficiency ηprop “PropulsionEfficiency” 0
Recuperation efficiency ηrecup “RecuperationEfficiency” 0

Table 2. Charging station initialization

Parameter Parameter definition key

Charging station ID “id”
Charging power Pchrg “power”
Charging efficiency ηchrg “efficiency”
Lane of the charging station location “lane”
Begin position in the specified lane “startPos”
End position in the specified lane “endPos”
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The specified charging station objects are then added to the network class. If a compatible
vehicle is located within the specified dimensions (lane, startPos, endPos) of a charging
station, its battery state is updated according to the specified charging station parameters
(charging power Pchrg, efficiency gchrg) and Eq. 6. For graphical representation of
charging stations in the graphical user interface, a new (optional) class GUIChrgStn was
added. If used, charging stations have an individual representation in the SUMO GUI.

4.1 Configuration

Vehicle Types with the described parameters can be configured according to the syntax
shown in Listing 1.

Using the specified id from Listing 1 (“ElectricBus”), subsequent vehicles can be
specified using the standard SUMO syntax for the configuration of vehicles.

Charging stations can be specified in a similar syntax as bus stops within the tag
<additional>, as show in Listing 2.

Being derived from the bus stop class MSBusStop the implementation of the
charging station class MSChrgStn allows the explicit allocation of stops for vehicles at
charging stations as shown in the Listing 3.
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4.2 Output

Listing 4 shows the syntax for triggering the output of the battery device.

The generated output of the battery device is structured in the same style as the
output VTypeProbe, however with information on individual vehicle’s battery state. An
example output is show in Listing 5.

The generated output can further be reprocessed for individual purposes. For val-
idation purposes, a scenario was created for a vehicle with the determined vehicle
parameters from Sect. 3.3 driving the speed profile of the New European Driving Cycle
(NEDC) with no curves and a non-regular incline of 1 %. The NEDC is a defined
driving cycle (speed profile) with the goal of providing a common emission and fuel

Fig. 5. Cumulative energy components (lower) of a vehicle when driving the speed profile
(upper) of the New European Driving Cycle (NEDC) with a non-regular incline of 1 %
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economy test basis for all passenger cars and is specified in UN-ECE Regulation No
101 (2012). Whereas the basis for the evaluation of the fuel economy for light trucks
and commercial vehicles is specified in DIN 70030-2 (1986), the NEDC is used as a
reference in the context of this work due to its widely established application. Figure 5
illustrates the resulting individual cumulative energy components derived from the
battery device output, by setting individual vehicle model parameters to zero. Eloss

represents energy losses in the vehicle’s drive train.

5 Conclusion and Outlook

The introduced vehicle energy model can be used for simulating vehicle energy con-
sumptions with adequate accuracy and is therefore applicable for a multitude of
evaluations involving energy-optimization. The identified parameter set can further be
used in the resulting function package of SUMO for the instantiation of a new traffic
demand model with (representative) objects of the new vehicle class, including dif-
ferent vehicle types. This will allow for the development of different scenarios for
Braunschweig’s traffic (including forecasts for electric vehicles) that can be analyzed
and optimized in regard of the new inductive charging infrastructure and its
participants.

The development of an optimization framework with underlying algorithms will
require an additional output of the specific simulation states by producing a feedback
on the energy content of relevant participants. This output could be implemented in
form of a custom device or detector. Potentials for optimization lie in the optimal
positioning of the charging stations along the defined bus route. The optimization
criteria can not only include a desired long battery life, but also travel time by syn-
chronizing required charging times and the predictable waiting times for the entry and
exit of passengers, light-signal systems, and remaining traffic. For the identification of
optimal parameter sets, the utilization of genetic algorithms is intended in the further
course of the project.

Simulation results can also include the evaluation of occupancy rates at different
positions within the road network. This data can be used for the design and alignment
of inductive charging pads that maximize their duty cycle and thus efficiency.

By implementing different scenarios for the amount of compatible vehicles in the
future, it will also be possible to determine saturation points for the amount of par-
ticipating vehicles, where operational interferences and obstructions among public
transportation and between public and private vehicles can be expected.
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Abstract. The rapid and ever-increasing population and urban activi-
ties have imposed a massive demand to Urban Transportation Systems
(UTS). These systems were not prepared for such events, so traffic con-
gestion and defective metropolitan systems were a direct consequence of
such a shortcoming. The explosion of the computing technology brought
together expertise from different scientific and technical disciplines giving
birth to new computing and communication paradigms. Taking advan-
tage of modelling and simulation technologies we have devised a frame-
work that combines the characteristics of the Multi-Agent System Devel-
opment Framework, JADE, and the microscopic traffic simulator, SUMO,
for the development and appraisal of multi-agent traffic solutions in
contemporary transportation systems. Therefore we present a tool that
can be useful to researchers and practitioners for implementing agent-
based traffic control and management solutions as well as heterogeneous
Artificial Societies (AS) of drivers immersed in rather realistic traffic
environments.

Keywords: Multi-agent systems · SUMO · JADE · Artificial trans-
portation systems

1 Introduction

The rapid and ever-increasing population and urban activities has imposed a
massive demand to urban transportation systems. The main problem is that
most of the urban areas were not prepared for such hasty development which
led to weak and defective metropolitan transportation systems [9]. Efficient
transportation systems are crucial to an industrialized society being its main
communication infrastructure; therefore rapid and effective interventions in traf-
fic management and planning are needed to prevent their negative impact on
the city’s social and economic welfare. Therefore, by using simulation and tak-
ing advantage of its characteristics we can test several possible solutions or
c© Springer-Verlag Berlin Heidelberg 2014
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even changes in the network more cost-effectively and faster. Indeed, simulation
approaches can provide us with the possibility of comparing studies between new
infrastructures designs or control algorithms without having to interfere in the
real world.

Also, one important characteristic to bear in mind is that the domain of
mobility (transportation of both vehicles and persons) presents an inherent com-
plexity. It involves diverse heterogeneous entities either in structure or in behav-
iour, e.g. vehicles, pedestrians, traffic system, among others, which can interact,
reflecting social behaviours that goes from coordination and collaboration to
competition. Moreover, a high degree of uncertainty and dynamism especially
when considering the urban context is uncovered.

To address the rising issues of these new trends a new generation of mobility
systems emerged with the advent of what has been coined Intelligent Transporta-
tion Systems (ITSs), forcing architectures to become adaptable and accessible
by different means so as to meet different requirements and a wide range of pur-
poses. ITS arises as the synergy between the information and communication
technologies (ICT) and the urban transportation systems, which include vehi-
cles and networks that transport people and goods. The idea of such systems is to
ensure the efficient utilisation of the available road capacity by controlling traf-
fic operations and influencing drivers behaviour by providing proper information
and stimuli.

The formalization of the ITS concept is to be considered a great achievement
by the transportation engineering, practitioners and scientific communities. The
explosion of the computing technology in terms of applications experimented in
the last couple of decades brought together expertise from different scientific
and technical disciplines giving birth to new computing and communication
paradigms. A new type of systems coined as socio-technical arose from such
mutual conjunctions where people and technology live in mutual symbiosis. The
transportation and, generally speaking urban domain, could not be impermeable
to such revolution. Indeed, it proves to be a valid field where new social and
technological paradigms emerge. A new concept has been concocted to deal
with this revolution, the so called future urban transportation (FUT) systems.
The notion of mobility systems within FUT overcomes ITS limitations; instead
of focusing only on the simple processes of transporting goods and persons they
become self-conscious in terms of environment, accessibility, equality, security,
and sustainability of resources [16]. People are placed as a central aspect, as well
as are their preferences, of the urban systems, forcing architectures to become
rather adaptable and accessible to their needs. Therefore, new technologies and
methodologies are necessary to support these new models, which motivates this
work.

Normally in the development of traffic solutions, the use of a simulator is
very straightforward related to traffic flow and junction management. In spite of
many attempts and published papers, the solutions presented do not make full
use of the concept of intelligent agents. Additionally, the multi-agent systems
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(MAS) metaphor has become recognized as a useful approach for modelling and
simulating complex systems [14].

These new perspectives in urban mobility systems disclosed the need for the
design of more human-centric and sustainable solutions. A framework that is
capable of generating urban contexts (meaning a traffic network, infrastructures
and the population of commuters) is definitely necessary so that analysts and
designers can study, develop and evaluate their policies and strategies.

In this paper, we present a framework that meets all these requirements,
providing practitioners and scientific communities with a tool that can instanti-
ate an artificial society (AS) of heterogeneous drivers and intelligent traffic light
management solutions, immersed in a realistic traffic environment. The concept
of AS can be used by traffic managers or government institutions as a test-bed for
the analysis of strategies and policies towards a social-aware and sustainable use
of resources. Combining a powerful and standardized MAS development frame-
work, JADE, with a large-scale microscopic traffic simulator, SUMO, allows
different types of studies, namely intelligent traffic control algorithms, service
design, additionally to studies for the evaluation of new policies and vehicle-to-
vehicle (V2V) communication applications.

The remainder of the work is organized as follows. Section 2 motivates this
research project and presents some related work, whereas Sect. 3 discusses on
the tool-chain used to implement our proposed approach, detailed in Sect. 4. We
illustrate our approach in Sect. 5 and draw conclusions in Sect. 6, identifying
potential future work and further developments.

2 Related Work

Due to the high complexity and uncertainty of contemporary transportation
systems, traditional traffic simulation fails to capture in detail all the dynamics
that characterize them. For example, travelers can choose whether to travel or
not, can change their planned itinerary at any moment, and their choices may
be affected by any social, economic or environmental phenomena. Also, new
performance measures brought about by an extensive future urban transport
agenda and the implementation of the concept of smart cities pose additional
requirements to which the user is central, not as easily integrated in traditional
modelling approaches.

In order to appropriately represent, test, and analyse transportation control
and management strategies, Fei-Yue Wang devised and introduced the concept
of Artificial Transportation Systems (ATSs) [12,24]. Basically, ATS goes beyond
traditional simulation methodologies and integrates the transportation system
with other socio-economic urban systems with real-time information resulting
in a powerful tool for transportation analysis, evaluation, decision-making and
training. The foundations of ATS are to be searched on the paradigms of multi-
agent systems, social simulation and artificial societies, as well as distributed
computing, which provide adequate tools to represent interacting entities of
complex domains such as intelligent transportation systems. Rossetti et al. [18]
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provide a brief overview of contribution in ATS development along three dimen-
sions: modelling issues and metaphors for ATS models, architectures for ATS,
and practical applications of ATS. However, it results that very little has been
advanced in what concerns the appropriate representation of users and their
behaviour, in the various dimensions of Intelligent Transportation Systems.

Passos et al. [16] have carried out an evaluation of current available simula-
tion environments and their ability to capture the aforementioned requirements.
Their analysis features those characteristics of the future transportation systems
where not only performance is essential but also the user entity is regarded as a
key aspect playing an imperative whole in all social interactions taking place in
such a complex domain. Among the desirable features that both works suggest
is the agent-orientation of the candidate platform.

Although major traffic simulation packages and tools implement various
important and advanced features, they still treat vehicles and drivers indistinctly
following traditional modelling approaches such as car-following, lane changing
and adopting a normative rather than a truly cognitive behavioural approach,
reflecting users’ decision-making and their preferences.

In the literature, some similar approaches can also be found that apply
the agent metaphor to traffic simulation. ITSUMO [21] implements a cellular-
automata approach and is formed up by four distinct modules, namely the data
module, the simulation kernel, the driver definition module, and the visualiza-
tion module. The agent metaphor is used in the sense it is possible to define
driver decision-making procedures that simulate human-like cognition processes.
The simulator also offer apropriate tools to test with intelligent traffic control
strategies.

Balmer et al. [1] present the MATSim framework as a suitable tools for
large-scale agent-based transportation simulations. In MATSim, each traveler of
the real system is modeled as an individual agent and the simulator integrates
activity-based demand generation with dynamic traffic assignment. The traf-
fic dynamics is simulated using a macroscopic resolution of the transportation
domain, whereas an activity-based demand approach models daily activities as
diaries of trips for every “agent” in the population; each agent then performs
journeys according to her own activity diary resulting in the network dynamics.

Within the Agentpolis project [10] it has been suggested a modular frame-
work for the implementation, execution and analysis of simulation models of
interaction-rich transport systems. The framework fully adopts the agent-based
modelling paradigm, which makes it very versatile and capable of modelling
systems with complex ad-hoc interactions and just-in-time decision-making.

Rossetti et al. [19], discusses an integrated multi-agent system that applies
a methodological approach that allows for the assessment of today’s intelli-
gent transportation solutions through the metaphor of agents through a truly
agent-directed simulation perspective. Their work conceptualizes the application
domain in terms of agents and three basic subsystems are identified, namely the
real world, the virtual domain, and the control strategies inductor that actually
conducts the simulation process.
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We believe however that it is possible to separate the drivers’ decision-making
and the vehicle control obtaining a clear separation of the supply (network)
and demand (drivers choice) layers on the basis of the so-called delegated-agent
idea. Following the MAS paradigm, drivers’ decision-making process and choices
will be embedded into a driver agent while the simulation platform implements
the environment as well as the traffic infrastructure. This approach will allow
planners to make a better design of the concepts envisaged by the new generation
of urban transportation systems also under the perspective of the encompassed
socio-technical aspects.

Similarly to our approach, ATSim [7] is presented as a multi-agent-based
traffic simulation system to support global system throughput on a macro-level
view, whereas individual vehicle decision-making is kept decentralized and sep-
arate from the traffic flow simulation itself. Thus, the infrastructure elements
of the traffic domain, such as traffic lights and vehicles can make use of the
agent paradigm with a reasonable performance. The system consists in coupling
the commercial traffic simulation suite AimSun with the JADE platform for the
development of multi-agent systems. In our approach however, we have opted
to perform the traffic flow simulation using the open-source SUMO, instead of
using a commercial simulator.

3 Tools

We propose a framework that allows us to build an artificial transportation
system that represents all the entities composing it: a population of drivers
feature deliberation abilities and situated in a road traffic environment. We face
the problem of coupling two resolutions of the traffic system: one nanoscopic that
reflects the decision-making module of a driver, and another microscopic traffic
model reflecting vehicle interactions. It is obvious that we need to combine and
synchronize different tools to achieve such multi-resolution setting.

The traffic simulation tool needs to implement the necessary concepts of the
transportation domain (or to provide flexibility for additional implementation
of them) and to provide a proper interface for controlling and monitoring the
simulation entities and states. We will also need an intuitive MAS development
framework, which will be used to implement the artificial society of drivers and
various environment artifacts, such as the advanced traveler information systems
(ATISs) and the intelligent control infrastructure.

In order to implement our requirements we opted for using the SUMO traf-
fic simulator to represent the road network with the vehicle and the traffic control
(physical) infrastructure. The JADE platform is used to represent the multi-agent
systems composed of drivers (and generally speaking a synthetic population of
travelers) and intelligent traffic management services (e.g. ATISs, intelligent traf-
fic lights, and so forth). Finally, the TraSMAPI application is used to allow the
synchronization between the agent-based population and SUMO.
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3.1 SUMO/TraCI

A very popular tool to the traffic and transportation research community is the
SUMO (Simulation of Urban MObility) traffic simulator. SUMO is a suite of
applications that are used to design and implement realistic traffic simulations
[11]. It represents both the road network infrastructure and the traffic demand
and it has been used in several research problems such as route choice [8], traf-
fic light algorithms [13], simulating vehicular communication [17], among others.
The popularity of the simulation suite derives from the fact that it is open-source,
highly portable, and offers microscopic and multi-modal traffic simulation pack-
ages designed to handle large road networks and to establish a common test-bed
for implementing algorithms and models for traffic research. It is also stable and
in continuous evolution supported by a large community of developers and users.
Besides the aforementioned mentioned features it also facilitates interoperability
with external applications in run time using TraCI (Traffic Control Interface),
which allows developers to access a running road traffic simulation. TraCI uses a
TCP-based client-server architecture providing access to SUMO. It opens a port
in a SUMO simulation and waits for outbound well-defined commands, offering
us with a wide range of features to use while the simulation is performed.

Nevertheless it still experience drawbacks from the traditional approach of
dealing with vehicles and drivers indistinguishably. Although it can be extended
due to its open-source nature, this obliges the user to directly implement patches
to add any new functionality.

3.2 JADE

JADE (Java Agent DEvelopment Framework) [3] is a free software framework
to develop agent-based applications. Its goal is to simplify the development of
MAS while ensuring standard compliance through a comprehensive set of system
services and agents. JADE is fully implemented in Java and is compliant with
the Foundation for Intelligent Physical Agents (FIPA) specifications for inter-
operable multi-agent systems. Besides, this agent platform can be distributed
across several machines, which do not even need to share the same Operating
System (OS).

This framework can be considered a middleware that implements an agent
platform and a development framework. It deals with all those aspects that are
not peculiar to the agent internals and that are independent from the application
domain, such as message transport, encoding and parsing, or the agent life-cycle.
JADE’s aim is to simplify the development of multi-agent systems while guar-
anteeing standard compliance with the FIPA specifications: naming service and
yellow-page service comprising the Directory Facilitator (DF), message trans-
port and parsing service, and a library of FIPA interaction protocols ready to
be used. All agent communication is performed through message passing, where
FIPA ACL is the language to represent messages. The agent platform can be
dispersed on several computers, where each of which runs a single Java Virtual
Machine (JVM). Each JVM is a container of agents that provides a complete
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run-time environment for agent execution and allows several agents to concur-
rently execute on the same host. Each agent is implemented as a single thread,
however, agents often need to execute parallel tasks. As JAVA language offers
multi-threading solutions, JADE also inherits these characteristics. Moreover it
supports scheduling of cooperative behaviours, storing these tasks in a light and
effective way. The runtime includes also some ready to use behaviours for the
most common tasks in agent programming, such as FIPA interaction protocols
[4]. Numerous R&D projects, where an interaction between several elements is
required, and in which an autonomous and dynamic adaptation to complex rela-
tions is needed, have used JADE as a developing tool. In the traffic domain, there
are several works that profit from the JADE platform for developing MAS-based
traffic management solutions [20,22].

3.3 TraSMAPI

TraSMAPI (Traffic Simulation Manager Application Programming Interface) is
a synergy between two main components: an Application Programming Inter-
face (API) and a Multi-Agent System framework. The API was built upon an
abstraction level higher than most common microscopic traffic simulators so
that, ideally, the solution should be independent from the microscopic simulator
coice. This is guaranteed as far as the chosen simulators allow it, and provided
that their communication interface differs and they do not implement the same
set of functions. This feature allows the comparison of results from different
simulators using exactly the same implemented traffic management solution.

The multi-agent system framework is a module that is meant to serve as
a starting point for the creation of multi-agent systems. It allows the creation
of new agents by following a common interface. The agents are created with a
reference to one or multiple objects in the simulation gaining direct access to
its artifacts or entities. As far as our work is concerned, we aim to replace that
MAS framework module with more widely distributed MAS frameworks, such as
JADE. This approach allows us to use TraSMAPI also in the implementation of
real-world solutions since it will have a more mature, generic and FIPA-compliant
MAS development framework.

4 Research Method

We propose a layered approach to represent drivers’ decision-making capabilities
within the framework, which are: a strategic layer that encompasses cognitive
functions and decision-making processes, and a tactical layer where the basic
control of the vehicle resides. In fact, with the previous division, we were able to
decouple driver’s cognition from her behaviour (seen as demand) from the traffic
simulation that represents only the physical infrastructures (seen as supply).

We want to have agent-based ITS solutions implemented in JADE and oper-
ated in the SUMO environment. The path to accomplish so is to have an het-
erogeneous artificial society of drivers in the JADE agent platform whilst each
of these agents is responsible for one vehicle in the SUMO’s traffic environment.
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Fig. 1. Framework architecture

4.1 Integration

Taking into consideration all the general requirements and goals we have devised
the following architecture as depicted in Fig. 1. We can observe the main contri-
bution of TraSMAPI in our framework.

TraSMAPI provides an abstraction over different possible microscopic sim-
ulators, which makes our platform completely independent from the simulator
used. Besides, it makes possible further studies on simulation results compar-
isons, since it is possible to test the same solution, i.e. source code, in various
simulators, hence demonstrating TraSMAPI’s transparency and self-reliance. In
addition to the TraSMAPI block, we can also observe that JADE is directly con-
nected to the microscopic traffic API (TraSMAPI), which has a communication
model for the SUMO Simulator that reflects the basic API for the interaction
with the simulator.

The microscopic traffic simulator offers an API for access to its simulation
state - TraCI. For an external application to communicate with this software it
must obey the TraCI communication protocol and messages types. The SUMO
Communication Module attached to TraSMAPI converts this low-level simulator
API to a higher-level programmer’s perspective, which will be then used by our
artificial society of drivers implemented in JADEs MAS development framework
coupled to TraSMAPI.

4.2 Driver Agent Architecture

To build and associate each driver agent with a simulated vehicle and endorse
her with all driving decisions, skills and cognitive characteristics would be com-
putationally very expensive. To simulate hundreds or thousands of vehicles and
drivers’ decision-making in JADE we have adopted the delegate-agent concept,
which has been used in [23], to separate the tactical from the strategic layer of
the agent, and execute them in parallel, thus improving performance (see Fig. 2).

The idea of separating the tactical from the strategic layer of a driver agent
is based on the different time-scale and complexity of the cognitive and reactive
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Fig. 2. Driver’s Layers: tactic-reactive in SUMO; strategic-cognitive layer in JADE.

actions related to the primary task of driving. That is, the driver will need a short
time to take an action reacting to a traffic event such as accelerating, slowing
down, changing lane, or over taking. On the other hand the task of collecting
and processing information related to traffic messages or other recommendation
necessitates longer time periods. The tactic-reactive layer, following a rule-based
behaviour, was entrusted to the microscopic traffic simulator, taking care of
reactive actions associated with driving itself. Thus, drivers endow the feature
expressed by SUMO’s driver behaviour model, as follows:

– accelerating and breaking actions
– lane-changing behaviour
– anticipating events

The strategic layer, expressed as the route-choice or adaptive learning behav-
iour, was kept in JADE framework. Here, the researcher can implement her own
strategic architecture, from pure reactive to pure cognitive agent architectures.
Following are possible high-level reasoning tasks the agent can perform:

Fig. 3. Vehicle abstraction through the architectural design.
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– information assimilation
– mental map and representation of the network
– reaction to traffic messages

In order to achieve these ideas, we need to extend the scope of TrasMAPI,
enabling it to build an abstraction over the vehicle entity, as illustrated in Fig. 3.
We have implemented the communication protocol regarding the methods of a
vehicle for variable retrieval or state change taking into account the compliance
with the well-defined instructions of TraCI, for further information see TraCI’s
documentation and reference [25], where the protocol and message flow are pre-
sented and detailed.

4.3 ATIS Artifacts Implementation

The concept of the artifact according to activity theory is to enable action and
mediate interactions of the active components in an environment. So, artifacts
mediate the interaction among agents, as well as between agents and their envi-
ronment. On the other hand, artifacts embody the part of the environment
that can be designed and controlled to support participants activities [15]. Since
artifacts affect the space of agent interaction coordination, cooperation and com-
petition issues can arise. One can easily see how artifacts possibly play a key
role in engineering self-organizing systems, as they can be noticed in the traf-
fic domain (such as coordination among drivers for platooning formations, or
between adjacent traffic lights to allow green-wave coordination).

By using the agent concept as a programming paradigm to build and model
ATIS artifacts we are able to blend them into JADE. The purpose of ATIS is
to acquire, process and present information to travelers assisting them in their
travel activities. Thus ATIS artifacts can operate as amplifier of the observ-
able space of the driver agent by “extending” its spatial cognition. The agent
processes the information and eventually changes her plans according to the
input reducing this way travel time. ATIS also facilitates the communication
among driver agents as it can receive notifications of events in the network
(SUMO environment) and broadcast it back to the whole network. Thus, we can
consider this infrastructure as a receiver and a service provider, as we observe
in Fig. 4.

The sources, from which the ATIS infrastructures gather information are
quite vast. They vary from network data, simulation information and accident
notification by drivers, building a common knowledge base on traffic information
that can be abstracted as a blackboard. An ATIS agent is responsible for a
certain type of work and field of action. We have defined three types of ATIS
Agents, the Radio Broadcast (RB), the Variable Message Sign (VMS), and the
Informative Traffic Lights (ITL), as seen in Fig. 5. Each ATIS entity uses the
microscopic traffic simulator SUMO as a sensory environment. To represent this
infrastructure inside the simulator we used the SUMO’s Polygon4 abstraction,
which does not have an active role in the simulation though. To gather this
sensory data APIs calls must be invoked. However, the mere fact of asking a
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Fig. 4. ATIS interaction with environment and drivers

Fig. 5. All three implemented ATIS entities

variable and getting its value can be quite time consuming, since it demands
the exchange of two messages, i.e. the request and reading the variable value.
Considering this performance issue, SUMO’s TraCI provides two subscription
commands that showed to be very useful to retrieve information on network
data: variable subscription and context subscription. With these commands, one
can register a request for value retrieval for a defined amount of time, which
eliminates the request phase, thus reducing the execution time in about half of
the original time.

Variable subscriptions provide a periodical update on a structure variable.
Context subscriptions allow to obtain specific values from surrounding objects
of a certain object within a defined range. This is the reason why we have
represented the ATIS entity as a polygon object in the simulated environment.
With this implementation we were able to create an entity that gathers facts
from the network and simulation data, and provides them to the driver agents
through JADEs messaging network.

5 Scenario Illustration

To illustrate the capabilities of the platform we will consider two scenarios where
drivers need to make choices over possible routes to follow. The first example
shows how agent can decide on-line the fastest route to choose between an origin
and destination. The second example is related to the Braess Paradox. Here a
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Fig. 6. Eichstätt transportation network

synthetic population of drivers adapt by learning their daily routes following a
day-to-day (individual) traffic flow analysis.

5.1 Route Choice Example

As a first scenario we have used and improved the network model of the German
city of Eichstätt, using the JOSM application to correct some intersections and
lane cardinality (see Fig. 6). Graphically we added the Google Maps decals to
improve the user immersion during simulation visualization. The configuration
files used to load SUMO simulation are only the network file and GUI settings.
In this experimental set-up we intend to reproduce the drivers’ decision-making
process in route choice based on previous travel times.

With our framework we can instantiate a Driver to each vehicle simulated
in SUMO. Therefore one may use all the methods which this simulated instance
has, such as change destination, speed, route, among others. In the beginning
of the simulation it is given to each entity of the AS a random origin edge and
orientation and a different random destination. With this, the agents’ reactive
layer in SUMO can make use of its shortest path algorithms and calculate the
best route based on travel time to accomplish each driver’s desire.

As a proof of concept, each Driver sets a value to its travel time table in
SUMO, so that when the reroute-by-travel-time algorithm is called, it will take
into account the updated values in the table. This approach argues in favour of
the drivers’ awareness and decision-making capabilities. The instantiated traffic-
light entities are an extension of a previous experience concerning advisory-based
traffic control [13].

5.2 Braess’ Paradox Illustration

There are generally two types of travel behaviour: user-optimizing behaviour,
in which travelers select their optimal route, and are generally characterized as
“selfish”; and system-optimizing behaviour, in which a central controller directs
traffic. Our work focuses on the former and thus the Braess’ paradox occurs only
for user-optimizing behaviours.
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In an urban area with a lot of traffic, adding a new road to distribute and
facilitate traffic may seem an intuitive idea. However, according to the Braess’
paradox, just the opposite occurs: a new route added in a transportation network
actually increases the travel time of all individual travelers [5,6]. The Braess’
Paradox is a good illustration of how easily our intuition about collective inter-
action can be fooled.

Car drivers seek to minimise the time to get from origin O to destination
D. However, car drivers may not be able to act independently of each other:
collective interactions may influence individual behaviour. We have made this
as a proof-of-concept experimentation scenario of one of the numerous uses that
this platform provides to the community of researchers and practitioners. In this
case we tried to replicate the Braess’ paradox by setting up an artificial society
of “selfish” learning drivers, in a well-defined scenario. Their goal is to get from
point A to point B the fastest way possible.

Fig. 7. Two route network Fig. 8. Three route network

The network, sketched in Fig. 7, is an abstraction of a network being com-
posed by two symmetrical routes, each of which consists of a fast section and a
slow one. Then at a certain time, a new fastest road is added (Fig. 8) providing
drivers more and better road resources. We have built an artificial society of
Q-learning drivers, which will “live” for 500 days and perform, each day, a trip
from point O to D. When arrived at destination, each driver registers her travel
time (TT):

TT = arrivalT ime − departureT ime (1)

Taking the environment into account we have modelled it in a finite-state
automaton, with 3 edges from node ‘O’ to node ‘D’, and we have built the
correspondent Q-table to each of the driver agents, where each route choice in
state s generates a utility .

Since our problem is scalar, depending only on the route choice and not also
on the current state, we can simplify it to Q(r), being r the route chosen. Hence
our utility-function is:

Q (r) = (1 − η) Q (r) + η.R (2)

being η the learning rate and R the Reward function:

R =
aTT

TT
− 1 (3)



Agent-Based Traffic Simulation Using SUMO and JADE 57

whilst TT is current travel time and aTT is the average travel time of all trips:

aTT =
∑

TT

�trips
(4)

For our test-bed we have defined an exploration and an exploitation time in
each network configuration for all 500 days. Each network configuration, meaning
different route arrangement, is explored by the driver agents during 50 days, in
which the drivers are randomly assigned a route so as to retrieve knowledge from
its journey time, thus updating her Q-table. The remaining days are exploited
by the driver according to their utility values. Drivers’ departure time is equally
distributed along the first hour of the day. So in the two-route scenario the drivers
will perform 50 days of exploration and 150 days of exploitation. Afterwards, they
will have another 50 days of exploration and 250 days for exploiting their best
options.

We have performed several tests with various numbers of drivers to observe
their learning process in a route-choice setting and we identified two different
patterns. Following, two different setups of traffic density have been considered.
First we run the simulation with a very low vehicle density that did not put in
evidence the paradox scenario. Because the departure times of the drivers were
very temporally sparse the new route has not been jammed and therefore chosen
by the majority of the drivers. On the second setup we have explored a scenario
with a high density of vehicles, approximately one vehicle each two seconds. In
this case, we have noticed the increase in travel times and the underutiliza-
tion of the additional route, regardless of being the fastest alternative. This
experiment is plotted in Fig. 9.

In the first exploitation phase [50,200], the number of vehicles that chose
route A or route B is nearly the same, without fluctuations, which establishes a
constant average travel time (observed in the bottom graph). During the second
exploration phase [200,250], we verify that the average travel time in the new
route C is a bit shorter. Hence, in the beginning of the second exploitation
period [250,500] the drivers should have a great utility in the choice of C. In
fact, we can observe that almost every 1900 vehicles chose to travel through it
i.e. route C, overpassing the initial average travel time, recorded when
there were only 2 routes available. With this insertion, the average travel time
increased from approximately 1000 s to a staggering 3000 s.

The learning drivers, encountering such a scenario, quickly changed their
option based on the utility of route C. They returned to their previous choice
avoiding the overpopulated route improving their travel time. We can observe
this event in the quick variation of peaks in the upper plot in just approximately
20 days. With this learning process the overall travel time drops as well as the
underutilization of route C, which becomes the less used route, regardless
being the fastest one.

However, the purpose of the paper is not to discuss the Braess’ Paradox,
as it has already been done by Bazzan and Klügl [2] but to illustrate how the
tool can be used in a realistic case study, using a microscopic traffic simulator
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Fig. 9. Occupation and travel time in the 1900 vehicle test. Top: Occupation(trip);
Bottom: Travel-Time(trip)

and an artificial society of adaptive drivers. The adaptation by learning aims to
represent knowledge acquisition and exploitation of a network.

6 Conclusion and Future Work

Traffic systems have been subjected to a lot of improvement in the last decades
and travelers have, in general, witnessed a revolution in the way a trip is planned
in urban networks. Hence, facing the current traffic situation in most developed
countries it is now imperative to foster new transportation methods using state-
of-the-art technologies towards Future Urban Transport (FUT).

Simulation has proved to be an effective approach to analysing and designing
novel traffic solutions in socio-technical systems. We have devised a conceptual
architecture of an artificial transportation system based on a well-established
platform for the development of multi-agent systems and a popular open-source
microscopic traffic simulator. Following the concept of delegated agents we define
and implement a two-layered architecture representing an driver agent where we
differentiate between the reactive and cognitive capabilities of the agent. To illus-
trate the potentiality of our approach in representing human behaviour, we built
a synthetic population of adaptive drivers, where we experimented the knowledge
representation of the network using Reinforcement Learning techniques. Finally,
we have shown how the proposed framework can be used to instantiate MAS
of different nature over the traffic domain complying fully with the notion of
the socio-technical systems and other embedded intelligent artifacts (e.g. ATIS,
intelligent traffic control, and so forth).
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With respect to microscopic traffic simulators and specifically to SUMO, we
extend their capabilities as we can allow the design of truly AI-based solution to
be tested in the traffic domain without the necessity of modifying the core of the
simulator. Also we have extended the type of possible analysis one can perform.
The notion of the 2-layered architecture allows the simulator to “implement”
memory and thus we can improve the within-to-day and day-to-day traffic flow
analysis considering cognitive and behavioural aspects of the driver based on her
own preferences.

Generally speaking the proposed tool also reveals great flexibility for multi-
agent systems design and development in the traffic and transportation domains.
Developers can easily model and test their own artificial society of drivers, where
each agents is presented with her own preferences and beliefs. Such artificial soci-
ety can thus be used to design solutions based on individual or collective intelli-
gence and participation (social-awareness) or as a test-bed for policy evaluation
by governmental institutions and decision-makers. This approach will help prac-
titioners to design and test more human-centric, cost-efficient and environmental
sustainable solutions. As future developments, not only vehicle-to-X (V2X) sce-
narios but also the development of new policies and incentive mechanisms studies
might be carried out and evaluated through our platform.
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Abstract. To interact with a simulation at runtime is often demanded within the
scope of research studies. Therefore the microscopic traffic simulation software
SUMO has a real-time I/O data interface (TraCI). This interface offers the
possibility for a bidirectional communication between the user application and
the simulation. Only few software implementations can handle that protocol,
one of them is the Python TraCI Client being included into the simulation suite.
Though depending on the preferred programming language, a specific imple-
mentation is needed. A solution designed to cover the problem is a standardized
protocol interacting with SUMO, like the simple object access protocol (SOAP).
This protocol can easily be integrated into a lot of programming languages, and
is implemented as part of a Web service. This solution offers a lot of oppor-
tunities e.g. an unlimited number of clients.

Keywords: Microscopic traffic simulation � Web service � SOAP � WSDL

1 Motivation

The main reason for building a Web service is to make the communication with the
Traffic Control Interface more comfortable, even for people who are not familiar with
Python.

Due to a clear and user-friendly communication the SUMO user will be able to
focus on the analysis of traffic and transportation data [1]. Furthermore the Web service
is platform-independent, which permits the user to utilize various kinds of program-
ming languages. The Web service handles multiple connections simultaneously. This is
a base requirement for using the micro simulation as a service in the field of traffic
management centers [2, 7, 8]. Therefore it makes no difference where the application is
located or which programming language has been used to interact with the simulation.

2 Implementation of the Web Service

2.1 Integration of TraCI

As a first implementation the programming language Java has been used to interact
with SUMO. Java is platform independent and very robust due to the embedded
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Exception Handling concept. A project named traci4j already implements a TraCI
Handler that generates Byte Messages for the requests and responses for Java [9]. So
these parts of the code provide the base for a new Web service which is now called
TraaS (TraCI as a service).

In traci4j only a couple of functions of the TraCI API has been implemented which
show the main functionality of the written code. In order to offer as much functions as
possible the software needs to be extended. Due to the fact that the web service will not
support streaming the subscription feature is not available.

To get an overview about all TraCI methods which are available a special software
tool has been developed. That program reads and interprets the python code of the
TraCI client which is up to date. The source code is located in the default installation
package of SUMO. All recognized functions as well as the available comments have
been extracted and stored in a single XML File.

By then a determination in getter and setter methods has already been done. This
means the functions have been marked with a couple of XML attributes. That import
process is semi-automated due to the fact that the original Python source code does not
yet follow a standardized schema.

In order to support this task a basic java software tool has been developed, which
has the facility to show and edit the information of the XML within a graphical user
interface (GUI). This tool uses the external library dom4j [10] for the XML parsing and
JavaFX for the GUI part (Fig. 1).

After validating and editing the XML file over 250 methods have been named and
described. The data type for each input argument and the returning values has been
defined.

Subsequently another java program generates the required java classes by pro-
cessing the XML file. This is an important part because files for the TraCI client as well
as for the Java Web service are being created at the same time.

Fig. 1. A graphical java tool to import the TraCI functions
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To work as a Web service every value has to be serializable to be embedded in a
SOAP Message. This is no problem with primitive data types like double or integer
which are working by default. For other data types like the SUMO StringList or the
compound structure elements some new Java classes has been generated. As a result
the class SumoStringlist is an implementation of the Java List Object which is part of
the java collection framework. Some more classes have been generated in order to
represent all necessary values of the appropriate compounds within the Python code.

The Java classes have the same function names as those used in the original Python
code. Additionally the order of the arguments has been preserved. Usually Java
methods can be distinguished into two types: on the one hand the getter methods with a
returning value and on the other hand setter methods without any returning value. All
that TraCI functions have been dedicated in one of those two issues.

In both cases the TraCI request message is constructed by a class called Sumo-
Command. Depending on the occurrence of a returning value the method is a getter or
setter method.

For every command block an extra class has been generated. As a result there are at
least thirteen different classes (Fig. 1).

It has been necessary to change several parts of the original traci4j code to support
all these new data types. Furthermore some unnecessary parts were removed to sim-
plify the application. At the end of that process the developed software does not have
any external references like log4j or similar dependencies.

The way the TraCI functions are imported is going to be improved in the future e.g.
instead of the python client the original source code of the C++ TraCI Server API
should be used. Moreover Test cases should be generated by default within the
importing process. To take account on changes in the functionally of the TraCI Code in
SUMO there should be some scripts which checks the java client in cases of changes.

2.2 Building the Web Service

To work as a Web service some java classes need to be added to offer the endpoint
communication. This means that the service binds on a specific IP address and on a

SUMO Traffic Simulation Suite

Real-time I/O Data Interface

TraCI Traffic Control Interface

Web Service

.NET Client Java Client Ruby Client Other Client

Fig. 2. Concept of the Web service
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specific port. Consequently it is possible to have multiple Web server instances on a
single server by using different ports. In Fig. 2 the concept of the Web service is shown.

To offer all the methods of the java TraCI client to the Web service another java
class has been generated by the help of a small script. All the public web methods have
been marked with a special annotation. This is necessary to make the methods visible
and also available for the Web service client. For each method a prefix has been added
to ease distinguishing between different command block functions by origin. Every
method belonging to a vehicle, gets the prefix “Vehicle_”. For example the method for
changing the lane of a vehicle is named Vehicle_changeLane(arg1, arg2).

By using the SOAP protocol the communication is based on XML messages, so the
whole request and the response messages are encoded in XML. The used bandwidth is
much higher than the TraCI Byte communication because of the large overhead of
XML. In Fig. 3 an example of such an XML response message for a lane shape request
is shown.

The relatively huge bandwidth caused by the SOAP messages is a disadvantage of
this concept. However considering that the bandwidth will not be the bottle neck in
times of gigabit Ethernet networks this approach is sufficient. A comparison between
the TraCI Byte code communication and the corresponding SOAP communication
would be interesting, especially regarding to the emerging latency times.

2.3 Performance of the Web Service

In a first research a comparison has been made between the runtime using the original
Python API and the TraaS Application. It is possible to use TraaS as a Java library,
which can easily be integrated into a user Java application. In that case the main task of

Fig. 3. SOAP message for a shape response
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the library is encoding and decoding the TraCI Byte messages. This is equivalent to the
SUMO Python Client. High loads of TCP/IP network packages will not appear. While
running TraaS as a standalone Web service, the application handles all client con-
nections. Moreover the encoding and decoding of the SOAP messages has to be done.
Obviously the runtime increases because of the additional XML handling being used
by the SOAP protocol.

Three different ways have been compared to interact with SUMO. Therefore a
standard simulation case, inserting vehicles and increasing the simulation time has been
chosen. In that case road with 2 lanes and a distance of 10 km were modelled (Fig. 4).
In that network there are no intersection or traffic lights which increases the simulation
time.

Firstly a Python Client has been written using the defaults Python API (Fig. 5).
Secondly TraaS has been applied as a referenced library for a user Java application
(Fig. 6). Thirdly a Java application, using TraaS as a standalone Web service has been
built. The last one is quite similar to the code snippet shown in Fig. 5. The command
line options have been equal for the three examples.

The 64 BIT version of the SUMO application has been used for that benchmark.
The applications have been executed on an Intel® Core i3 Processor with an amount of
4 GB of physical RAM available. Each simulation were run at least ten times to build a
average value for the runtime. By variation of the duration value the results in Table 1
have been reached. The assumption that the runtime increases by using the Web service

Fig. 4. Simulation for the benchmark

Fig. 5. Python example for the benchmark

Fig. 6. Java example for the benchmark
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has been assured. This is important especially for simulations with small networks and
a small traffic volume because the simulation takes significantly more time. In huge
simulation scenarios the runtime of SUMO itself dominates the overall runtime. The
time for communication is negligible short. To verify this assumption some more
benchmarks need to be built.

3 Using the Web Service

The Web service implements a start function ensuring SUMO to be launched with a
defined configuration file and listening on a specified port. Furthermore the different
clients are able to connect to the Web service and have access to all of the getter and
setter methods. For real time simulations a timer application is required, which does a
simulation step. Building up new clients is a straight forward process because ready-
made tools like the wsimport binary in Java. The build-in tools in MS Visual Studio for
the .NET programming languages are used to integrate the Web service. The inte-
gration in Visual Studio is shown in Fig. 7.

The Web service has already been used successfully by students and research
engineers at Dresden University of Technology. Various scientific studies have shown
the practical significance of the Web service and have helped to develop and improve
its features [3–5].

Table 1. Comparison of the different runtimes of the different applications

Duration Python code TraaS as library TraaS as Web service

500 829 ms 1133 ms 4514 ms
1000 1409 ms 1689 ms 8177 ms
2000 2397 ms 2786 ms 15455 ms
5000 5384 ms 6333 ms 38049 ms
10000 11627 ms 13678 ms 76531 ms

Fig. 7. Example of a VB.NET application
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An example of a student research project [6] is shown in Fig. 8. This work used
TraaS as a library in order to interact with SUMO. A user-defined library has been used
in front of the Web service to handle some default tasks, like the import and export of
different data sources. A graphical user interface named SumoInteractive has been
developed in Java. It offers the possibility to manipulate some vehicles in the simu-
lation. By changing the values of some sliders the related parameters of the simulation
are affected directly.

Another work implements the TraaS Library into Mathworks® Matlab which is
very comfortable because of the java language support which is built in Matlab. The
TraaS methods become available as basic toolbox functions, which can be easily
integrated by drag and drop into the user project [12].

Consequently more detailed models of single vehicles become available. The
accurate behavior of vehicles does not only depend on the car following model and the
change lane model. In addition the specific attributes of a chosen engine can influence
the target trajectories. Matlab is used for computing the corresponding gear and rev-
olutions per minute. Hence the vehicles in the simulation adapt their velocity based on
that computed Matlab model.

In the near future the Matlab Toolboxes should be generated automatically during
the import process to have all the TraCI functions available in Matlab as well.

4 Conclusions

The use of a Web service in order to communicate with SUMO is very beneficial
especially for educational purposes. Users can freely choose their preferred

Fig. 8. Example of a client application
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programming language and interact with the traffic simulation immediately. TraaS
provides simple access to SUMO especially for users who are not familiar with Python.
The benefit of ta existing library which handles all the communication with SUMO
becomes available for every programming language which support SOAP.

Obviously the runtime of TraCI commands is more time consuming using the Web
service because of the connection handling and the necessary XML parsing tasks.
However this additional time is of less consequence in large simulation, because the
runtime is determined mainly by the traffic volume and the dynamic processes like
variable message signs or traffic lights. Nevertheless it is useful to run TraaS as java
library when it is possible to avoid the extra computation time for the SOAP
communication.

A final target could be the integration of the Web service directly into the SUMO
source code. With some new command line options the web service should be con-
figured and activated. So the TraCI interface becomes more popular to the public
because of the easy to use data protocol. New methods of the TraCI server becomes
visible in the moment they are implemented not in the moment the TraCI client is
extended.

Since summer 2013 the project TraaS is available under a General Public License
(GPL) and is hosted at SourceForge [11]. Since release 0.19.0 the source code is also
available in the contributed section of SUMO.
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Abstract. SUMOPy is intended to (1) expand the user-base of SUMO -
Simulation of Urban MObility: by providing a user-friendly, yet flexible sim-
ulation suite for SUMO, including a GUI and scripting; (2) enhance the demand
modeling capacity, in particular by providing an activity-based demand mod-
eling and making more extensive use of the attributes provided by the Open-
StreetMap database; (3) easier management of existing vehicle types such as
bicycles as well as new vehicle types like Personal Rapid Transit (PRT). The
vision of SUMOPy is to simulate a synthetic population in a multi-modal
transport environment, because it is believed that only in this way the net-effect
of new transport modes and technologies can be assessed. The basic architecture
and principles of operation are explained and some examples on how to use
SUMOPy through both, GUI and scripting are presented. SUMOPy is still in an
early stage of development and many of the current SUMO capabilities are not
yet implemented. However this article explains which features will be added in
the near future and how they fit in the existing structure.

Keywords: SUMO � Python � Micro-simulation � Synthetic population �
OpenStreetMap � PRT � GRT

1 Introduction

SUMO - Simulation of Urban Mobility [1], rapidly developed into a flexible and
powerful open-source micro-simulator for multi-modal urban traffic networks [2]. The
features and the number of tools provided are constantly increasing, making simula-
tions ever more realistic. At the present state, the different functionalities consist of a
large number of binaries and scripts that act upon a large number of files, containing
information on the network, the vehicles, districts, trips routes, configurations, and
many other parameters. Scripts (mostly written in Python), binaries and data files exist
in a dispersed manner. The flow of data processing is illustrated in Fig. 1(a).

In practice, a master script is necessary which holds all processes and data together
as to simulate a specific scenario in a controlled way. This approach is extremely
flexible, but it can become very time consuming and error prone to find the various tools,
combine their input and output and generate the various configuration files. Further-
more, it reduces the user-base of SUMO to those familiar with scripting and command
line interfaces. Instead, SUMO has the potential to become a multi-disciplinary
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simulation platform if it becomes more accessible to disciplines and competences
outside the field of computer science.

This problem has been recognized and different graphical user interfaces have been
developed. The traffic modeler (also named traffic generator) is a tool written in Java
which helps to manage files, configure simulations and to evaluate and visualize
results. SUMOPy is written entirely in the object-oriented script language Python, it
uses wxWindows as GUI interface and NumPy for fast numerical array-type calcula-
tions. SUMOPy is similar to the traffic generator in that it simplifies the use of SUMO
through a GUI. But SUMOPy is more than just a GUI, it is a suite that allows to access
SUMO tools and binaries in a simple unified fashion. The distinguishing features are:

• SUMOPy has Python instances that can make direct use of most functions tools
already available as Python code. This avoids time consuming writing and parsing
after each step, as illustrated in Fig. 1(b). However, intermediate results are still
obtained by writing and parsing files, as shown in Sect. 2.1.

• SUMOPy has a Python command line interface that allows direct and interactive
manipulation of SUMOPy instances.

• SUMOPy provides a library that greatly simplifies the scripting.

The paper is organized as follows: Sect. 2 is a brief summary of the principles of
operation, where data are stored, which functions are available, including the (current)
SUMOPy file tree; Sect. 3 explains the GUI and Sect. 4 gives some brief scripting
examples. Section 5 draws preliminary conclusions of the current SUMOPy
development.

Fig. 1. Illustration of data flow in a typical simulation, (a) with current SUMO distribution, (b)
the idealized flow with SUMOPy extension.
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2 Principles of Operation

The principles of operation of SUMOPy is that functions, processes or methods act
upon a central data structure, called the Scenario, that holds together all necessary
information to prepare and generate data to run a SUMO micro-simulation and to
process its results (see Fig. 2). Dependent on the specific study, the user must provide
certain input data to the scenario, other input data can be generated and completed by
applying dedicated functions and methods. The scenario structure is shown below
(Sect. 2.1) and the main functions are briefly explained in the following Sect. 2.2, while
the directories and files of SUMOPy are explained in Sect. 2.3. Both, scenario data and
functions can be accessed or executed via GUI (see Sect. 3) or scripting (see Sect. 4).

2.1 The Scenario Data Structure

The main data elements of the scenario are shown in Fig. 2. The parts in gray are
planned and not implemented at the time of writing this article. The main instances of
the scenario are: net, demand, vehicle types and results. A major future extension will
be a land-use structure which allows to generate a synthetic population.

Most of the data in Fig. 2 are instances (except python primitives), that provide
specific attributes and basic methods to add, get, set and delete the data they contain.

• Network: the network containing edges, lanes, nodes/junctions, connections, traffic-
lights and roundabouts. The network instance is compatible with the network
instance provided with the SUMO Toolbox, but has many enhancements. The
network can be read and written into the native SUMO net file format.

• Demand: the demand instance holds all data and methods necessary to generate
trips and routes. The central idea is that the trips, generated from different gener-
ation models (example: OD demand, turn-ratio demand, random trip generators and
public transport lines) can be superimposed in a flexible manner. With the Origin-
To-Destination matrices (ODMs) one can specify the number of trips between
districts for specific time intervals and vehicle classes. This data can be exported to
ODM files in XML format. Districts are defined in the traffic assignment zones
(TAZ), which is editable through the GUI. From the ODM data one can generate
trips with the ODM to trips function and then use the Duarouter to produce the
routes.Turn-ratio based demand can be given by flows per edge (this is the gen-
erated flow) and the flows in each direction at junctions to specify how the gen-
erated flows split up at reach junction. The vehicles (which represent the travel
modes) is a currently simply a table with vehicle types and their specific parameters.
Parameters can be edited through the GUI and saved in a XML file.

• Results: instance contains all output data from the simulation and provides methods
to read and collect them. There are currently 2 structures implemented: edge ori-
ented data and trip-oriented data. The edge data can be displayed with the GUI and
examined interactively.
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Fig. 2. Data structure of the scenario, the central instance in SUMOPy, truncated at irrelevant
branches. Demand structure is shown in more detail. Gray parts are future extensions.
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The planned data-structures (Fig. 2 in grey) are:

• A land-use data structure, holding geo-referenced facilities (buildings, areas) and
their respective use plus other transport relevant attributes.

• A demand instance that allows to add public transport stops and public transport
lines (also through GUI).

• A demand instance that holds a virtual population. This is an important path
towards activity based trip chaining in a multi-modal network simulation. The
generator will make use of the land-use data structure too.

• More result types: time dependent edge and trip data.

Note that SUMOPy manages all files involved in a scenario, including naming reading
and parsing whenever necessary, see Sect. 2.2.

2.2 Main Functions, Methods and Processes

Functions, methods and processes provided by the SUMOPy library can change and
add data to the scenario. Methods within a main instance focus on adding/deleting and
retrieving data, while keeping consistency with other data under the same structure.
In addition, the scenario instance provides a large number of standard methods to
import/export and transform data, including the SUMO micro-simulation. Some
methods are either entirely written in Python (functions provided either by the
SUMOPY library or from SUMO tools); or the methods dumps data to files, runs a
SUMO binary and parses from output files back into the scenario data structure.

For more complex or long-lasting operations, a process instance is created, which
lives at least for the duration of the process. The process can call other functions and
check their input and output. The process can be run as a separate threat or in the
background (nohup still experimental). The currently implemented main scenario
methods are:

• Import from osm: function to download and convert a network of any size from the
OSM server (note that the quality of the OSM network may vary significantly).
Input for this function is the bounding box or the area code. A network and polygon
xml file will be generated. This is just a convenience function for already imple-
mented functions in the SUMO import toolbox.

• Network generator: the standard SUMO network generator can be accessed directly
through python.

• Make TAZ: generates traffic assignment zones from district and edge information.
Uses modified functions from SUMO district toolbox.

• Odm to trips: function to generate trips from the data contained in the district-to-
district-oriented origin-destination demand data structure, entirely written in python,
using some modified functions from the SUMO district toolbox.

• Dua route: runs standard SUMO router to produce routes from trip information.
• JTR router: to produce routes from turn ratio information.
• Dua iterate: wrapper around the python script duaiterate provided by the SUMO

toolbox.
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Note that the above methods are scenario class methods and called from within python.
The underlying writing of configuration files and updating of internal data is taken care
of by the scenario instance. Function parameters to configure a particular function can
be passed as input arguments for the python method.

Future extensions include:

• Import for different network file formats (make a better use of netconvert and
OD2TRIPS).

• Random trip generator (already implemented in SUMO toolbox).
• TraCI Interface: runs a SUMO simulation which is controlled by SUMOPy through

the Traffic Control Interface (TraCI). There are already python scripts available that
will be integrated into the SUMOPy framework. Also easy to use custom control
modules will be included.

• Rapid Transit (PRT) and Group Rapid Transit (GRT) control: one control module via
TraCI will allow special PRT and GRT vehicle types to receive demand dependent
routing. Such vehicles would stop at the stations and pick up or unload persons. If not
used, they are automatically routed to another stop with demand or to a depot.

2.3 Directories and Files

The SUMOPy directory contains currently the main python file to run SUMOPy in
graphical interface mode (sumopy_gui.py) and the main sumopy classes and methods
(sumopy.py), including the scenario, duaroute, jtrrouter, etc. The other directories have
the following contents:

• lib_meta contains universal class management and import/export methods that are not
SUMO specific. The main library is called classmanager, which provides a set of
Mixin classes that allow the management of a class and it attributes, including reading/
saving, standard exports, labeling, naming and handling (deleting, inserting) of numpy
array structures. Another important class is the process class which is a general
framework to control a complex sequence of function calls, including file management.

• lib_meta_wx contains generic, not SUMO specific, GUI classes such as an object
browser and a canvas editor, using the wxPython library (A python wrapper for
wxWindows). These are mainly widgets to represent objects that inherit the class
manager methods in the lib_meta.

• lib_sumopy is the directory which contains modules with all SUMOPy compatible
functions and processes. Some files are copies of modules found in the SUMO/tools
directory, but with different function-call procedures. The sub-directories and files
in more detail:
• lib_demand: contains all demand related methods.

• Odm: contains all origin-to-destination related demand methods.
• Odm.py: structure and methods to manipulate ODM data plus reading

and writing data in XML.
• Genodm.py: method to generate trips from ODM data

• Turnflows: contains turn ratio-related demand methods
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• Turnflows.py: structure and methods to manipulate Turn ratio data plus
reading and writing data in XML.

• Demand.py: is the main demand instance holding all other demand com-
ponents together.

• Vehicles.py: Vehicles structure and methods.
• Zones.py: Contains all district-related structures and methods, including the

function to determine the set of edges in each defined district (edgeIn
Districts).

• Lib_network: network related structures and functions.
• Network.py: Contains Network class, including edges, lanes, nodes, con-

nections, etc.
• Netgenerate.py: functions to generate artificial SUMO networks.

• Lib_processes: collection of more complex processes that act upon data struc-
tures of both, network and demand (and that are not implemented in sumopy.py
itself).
• duaIterate.py: iterative SUMO/duaroute function (a modified function of the

module with the same name in the SUMO/tools directory)
• osm.py: main process class and methods to download and convert osm data.
• osmBuild.py/osmGet: same functions as module in SUMO/tools directory.

There have been small modifications and extensions regarding function calls
and file naming.

• Sumo.py: process class of sumo simulation.
• resultslib.py: contains results classes and methods to read, write and represent

edge and trip-oriented result data.
• lib_sumopy_wx: SUMOPy specific GUI classes built on the classes provided in

lib_meta_wx.
• netview2.py: Currently the only module, which contains network and results

viewing widget. Actually each visible network or demand object in the network.
py library has a “sister object” in this library, which represents its graphical
appearance. These graphical sister objects are updated through event call-backs
if attributes of the network object changes.

3 Graphical User Interface

The main window consist of three main elements: an object browser; the network/
results viewer and a command line interface (CLI), as shown in Fig. 3.

The object browser is a powerful tool that allows to browse through all instances
and child instances of a scenario. It is further possible to change some parameters
interactively. All tables can be exported in CSV format.

The network viewer is interactive and single edges and nodes can be examined in
combination with the object browser. Some edge and lane attributes, like maximum
speed or access restrictions can be changed. Zooming further into the network shown
also the lanes and connections between them (see Fig. 4). There the network viewer
provides also limited network editing capabilities like deletion, moving and modifying
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links, lanes, lanes nodes and connections. Also districts can be manually created and
modified.

The command line interface allows to interact with the scenario objects through
Python commands. The interface includes a help for typing by prompting with a list of
class methods and options to choose from.

Fig. 3. The main window of the SUMOPy’s GUI: Left part is the scenario object browser; right
part the network/results viewer where roads are in blue, bicycle lanes in green, delivery access
roads in dark blue, nodes (junctions) in cyan; below in interactive command line interface.

(a) (b)

Fig. 4. Viewing and editing capabilities: (a) Nodes/edges zoom level. (b) Connections/lanes
zoom level.
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The main functions, like trip-generation and routing are menu driven. More com-
plex functions like Open Street Map import, ODM editing or the SUMO simulation are
processes and do have their own GUI as shown in (see Figs. 5 and 6).

(a) (b)

Fig. 5. (a) Dialog to download and import OSM data (using netconvert), including conversion
of buildings (using polyconvert). (b) Dialog to import origin to destination data in csv format for
a specific mode and time period.

Fig. 6. Dialog to run SUMO. Note the options to generate different kinds of output.
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The result fewer maps edge and trip oriented simulation results onto the network,
see Fig. 7. Edge oriented results can be examined interactively together with the object
viewer.

The quality of the result view will be improved by adding scales and options how
results are displayed.

4 Scripting

Scripting with SUMOPy allows to write complex simulation macros with a few lines of
code with the effect that the traffic engineer can focus on the planning/modeling process
rather than on programming issues. The Scenario instance can be initialized by giving a
scenario name and a working directory, which will be the directory where all files are
stored. The scenario name will be the root name of all simulation files. The following
lines initiate a scenario, download from Open Street Map server (OSM) and convert it
into a SUMO network and polygon file:.

Example code to initialize a scenario and download a network from Open street:

Districts, demand and vehicle types can be added successively to the scenario by
calling the respective methods. Trip- and route generations are both methods of the
scenario. The command to run SUMO while producing files for various outputs
(equivalent to the dialog shown in Fig. 6), is shown below.

Fig. 7. Left side: object browser showing result in table. Background: interactive network result
viewer. Foreground: print previewer allows to send network view or results view to printer or pdf
file.
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Example code for running a SUMO simulation, simulating for one hour and gen-
erating different types of output:

The results (here trip data and edge noise) will be read from the output files into the
result data structure (see Fig. 2) from where it can be viewed. In particular all data is
stored in NumPy arrays which allows a fast post processing.

Current work in progress is to make changes to the network through the command
line interface immediately visible in the network viewer and result viewer through
appropriate callback functions.

5 Conclusions

The basic concepts and architecture of SUMOPy have been outlined and the GUI as well
as the scripting possibilities have been explained. Evidently the current version does only
support a subset of SUMO’s potentials. Nevertheless, we have shown the next steps how
SUMOPy can be extended to a user-friendly, yet flexible multimodal traffic micro-
simulator. In any case, the basic SUMO file formats will be maintained, which means that
a scenario produced by SUMOPy can also by simulated without the use of SUMOPy.

The main development priorities are the TraCI module (with PRT and GRT vehicle
controls). Also the implementation of a virtual population would be an important step
towards more realistic user models.

Yet, even with all the proposed extensions, SUMOPy is unlikely to compete with
commercial micro-simulators. But its strength will be its openness and transparent
architecture, which invites to implement specialized transport systems (like ITS, PRT
or GRT) and test them within a complex transport demand scenarios.

SUMOPy has the potential to make SUMO accessible to a wider user group as it
allows transport planners to work more on the transport problem and sophisticated
demand models rather than on programming issues. On the other hand, ITS specialists
may have the opportunity to draw on more realistic scenarios. This means SUMOPy
may become an important interdisciplinary bridge which may diffuse traffic micro-
simulations and its connected transport technologies to a larger scientific community.
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Abstract. The typical approach to realistic 3D visualization of microscopic
traffic data is usually location-specific and hence requires a lot of effort from the
user to generate an eye-pleasing model. We present a simulation/location/data-
neutral 3D visualization software module that allows the 3D display of an XML-
coded road network, vehicles and communication involving vehicles. These
objects are automatically modeled from source data with empty space filled in
an intelligent way. The simulation can be freely explored in time and space.
Vehicles can be color-coded, viewed from above or from the driver’s per-
spective, or alternatively in a traditional 2D form. Furthermore, online statistics
on the current vehicle’s and traffic state of the can be configured and displayed.

Keywords: Microscopic traffic simulation � Data visualization � 3D
visualization

1 Introduction

1.1 Motivation

Microscopic traffic simulation has become an established tool for the examination of
microscopic level “what if” questions in traffic engineering [1]. These can include pro-
posed infrastructure changes, changes in traffic regulation, and devices in traffic providing
communication between vehicles for purposes of improved traffic safety or efficiency.
Although the critical outcomes of simulation are usually ‘hard’ numbers (such as average
speeds, travel times, traffic flows), visualization of some kind is essential for purposes of
visual validation and debugging. In both science and industry, 3D visualizations have
become more popular: driver and traffic behavior is easier to judge, the viewer is more
engaged in the presentation and the display invites exploration and questions. Hence such
visualizations are useful both for demonstration and teaching.

1.2 Background

For a traffic simulation, we usually only configure roads, junctions, traffic lights etc.
There may also be objects in the simulation that correspond to real world objects, but
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they are somewhat abstracted (for example, a network link with reduced speed might
actually correspond to an overhead motorway control sign). Overall, the normal sim-
ulation objects are not enough to generate a realistic and attractive 3D visualization,
where viewers probably expect other real-world items such as safety barriers, vege-
tation and buildings. In addition, with the trend towards simulating communication
amongst vehicles and infrastructure [2], we have data on communication that we also
want to see in a simulation visualization. As tools for simulating communication are
usually in the form of add-on modules that interface with the simulation tool (e.g.
VSimRTI [3], iTETRIS [2]), the communication is not usually displayed in the sim-
ulation user interface. This abstraction also motivates the choice for the visualization to
also be abstracted and separated from the simulation tool: modern questions of traffic
engineering, in particular vehicular communication, may require a greater diversity of
simulation tools, if only for verification in what is still a relatively young field [4]. We
know of no popular microscopic traffic simulator that visualizes the communication
between vehicles as part of the normal visualization. SUMO [5] in particular lacks any
kind of 3D visualization, either online during the simulation or offline based on the
simulation log file.

Furthermore, in modern traffic engineering, we also have access to other data with a
similar level of detail as microscopic simulation results, such as Floating Car Data
(FCD) or trajectories from video analysis. Given visualization software that only
requires a network description and the trajectories of vehicles, there is no reason why
these data can also not be viewed in the same animated, 3D format.

1.3 Solution

To resolve these issues, we have developed a software tool, vtSim.VIEW that visu-
alizes any road network, set of vehicle trajectories upon it and communication between
entities. The data source for the visualization is a simple XML; to assist in generating
this from simulation tool data, the vtSim data and simulation management framework
[4] can be used, but it acts only as a bridge and is not required to use the software.
Based on the road network, the module automatically generates much of the road
environment and surroundings that are not defined in the simulation network: no 3D
modeling is required on the part of the user, although structures can be added for
decoration (see Sect. 4.2). Although the visualization is offline in the sense that the
simulation is performed independent of the visualization (only the data describing the
network and vehicle trajectories are required), it is performed in real time based on this
data, hence not requiring any advance video rendering before viewing. It should be
stressed that the visualization is in no way a traffic simulator and is fully independent of
whatever vehicle or communication models were used in the simulation. This also has
the advantage that for slower-than-real-time simulations (as is often the case when
communication between vehicles is included), the visualization is not delayed and can
be viewed and reviewed from any viewpoint at the preferred speed.
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1.4 Outline

The paper is structured as follows: first an overview of the software’s features is given.
This is followed by a description of the data format, an overview of the tool’s usage,
and details of the implementation, including how the source data are interpreted and
displayed. We conclude with an outlook towards future work.

2 Features

In summary, vtSim.VIEW offers the following features:

• Reading simulation networks for rural (highway, Figs. 1, 2, 3) and urban scenarios
(Fig. 6)

• Editing roads and surroundings like trees, houses or traffic infrastructure by means
of a dedicated editor (Fig. 11)

• Animating vehicles, roads and their environment using detailed 3D models
• Different freely definable camera viewpoints (including birds-eye view and ego-

perspective)
• Showing application-specific attributes like message transmission visualization or

warning display
• Online plotting of traffic related parameters during visualization run.

Fig. 1. Display of communication attributes in the visualization for the case of a traffic jam
warning
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One of the features of vtSim.VIEW is the visualization of message transmission
between objects (see Fig. 1) and the illustration of the entities (usually vehicles)
internal state (message received, information shown to the driver etc.; (see Fig. 2).
Additionally, different elements of static road side equipment (side rails, gantries
containing direction signs, sign posts etc.) as well as dynamic road side equipment
(gantries with variable message signs, traffic signals and signal states for vehicles and
pedestrians) can be displayed easily within the scenarios.

The driver-perspective camera view offers the viewer the possibility to stay in one
vehicle while displaying the essential information on a freely configurable dashboard
(see Fig. 3).

3 Data Model

3.1 Workflow

The primary data necessary for vtSim.VIEW are first a set of XML SUMO-format
network source files (node, edge and connection descriptions) and second a description
(also in XML) of the vehicle data. These need to be created by the user (e.g. through
conversion scripts) based on the simulation output (trajectories and communication) or
other data source. Currently, tools are available to convert data from VISSIM
(extensive) and SUMO (vehicle movements only). A typical workflow is summarized

Fig. 2. Display of application attributes in the visualization for the case of a traffic jam warning
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in Fig. 4. It shows the workflow of the visualization. The network used for simulation
along with the simulation vehicle trajectories log and communications log from the
simulated application are prepared as XML files for the vtSim.VIEW visualization tool.
This can either be done by the user as part of their results-handling process or achieved
using vtSim.

3.2 Files Used

In order to run a simulated scene in the visualisation environment, there needs to be a
basic configuration of the scenes, the underlying network and data sources for the
simulated vehicles and dynamic infrastructure components. For that purpose, vtSim.

Fig. 3. Driver view while approaching a work zone.

Fig. 4. Visualization workflow
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VIEW uses a folder structure inside of a “data” folder where (almost, see below) all
user files should be deposited. Table 1 shows a list of all used data file formats in
vtSim.VIEW.

The road network is coded in XML, broadly in accordance with the SUMO XML
specification [6]. This specification is well documented and acts as a standard for the
current vtSim software. Three XML files are required;.nod.xml representing road
network nodes,.edg.xml representing road network edges (links) and.con.xml
describing the connections between links. As we use both VISSIM [7] and SUMO [5]
in our work, some parameters were added for preserving the geometry of edge con-
nections (or in VISSIM terminology, connectors between links), which, unlike in
SUMO, can have non-negligible lengths, geometries and must not necessarily begin or
end at the start- or end-point of an edge. However, the data format used was intended to
provide for SUMO compatibility.

The addition of communication and driver warning displays (system-specific) is
achieved with additional XML-elements like “sending” for indicating a vehicle cur-
rently sending out a message via vehicular communication capabilities, “receiving” for
a vehicle receiving such a message and “status” for indicating a vehicles warning
(Table 2).

Table 1. Files for vtSim.VIEW

Format Directory Extensions Meaning

Scene data/scene/ .scene.xml When opening vtSim.VIEW, the user selects
a scene. A scene consists of a Map,
Simulation data, cameras and some
additional meta information

Map data/map/ .map.xml A map contains the static geometry of a
scene. This includes the street net, terrain
and other objects. A map can be edited
using the Editor mode of vtSim.VIEW

SUMO street net data/net/ .con.xml The street information in SUMO format.
vtSim.VIEW expects little modifications
in the format, which are described in this
chapter

.edg.xml

.nod.xml

Simulation data/
simulation/

.simulation.
xml

A simulation contains information on
vehicles, traffic lights and other objects
over time. It has a start and end time.
A construction site and custom cockpit
dashboard can be defined

Vehicle tracking data/tracking/ .tracking.xml Tracking data (position over time, meta
information,…) of vehicles

VISSIM traffic
lights program

data/
trafficlights/

.lsa VISSIM.lsa file for traffic light programs.
We will work to make this file less
simulator-specific in the future (see
below)

Cockpit dashboard data/
dashboard/

.dashboard.
xml

Layout of the generic dashboard in the
driver’s cockpit. There may be
instruments like a speed indicator, a
warning display, logo images and so on
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According to the warning/system type, a different HMI can be shown.
In addition to system-specific dashboard information, other information can be

provided for either dash-board display or plotting. Several other xml files state which
files are required and which camera positions will be available.

In the simplest case, a final tracking data file including communications and vehicle
data can be output directly in the correct format. However, usually vehicle and com-
munication simulation are well separated and and need to be converted and combined.
In our work, we output an internally-standardized intermediary format for communi-
cations data from simulated applications (these are connected to the simulation but the
simulation has no knowledge of their internal function and hence does not output any
data concerning them). This is then “merged” with the trajectory data output from the
simulation to create the tracking file using a Python script.

Handling Traffic Lights and Cockpit view data. vtSim.VIEW is able handle
dynamic traffic light information concerning signal phase changing times. At the
moment, the necessary data format is the VISSIM signal phase and timing output
(VISSIM output files with the suffix.lsa). Although conversion from other simulation
tools is possible (the VISSIM traffic light output is basically a simple csv file), we hope
to move to a more generic format in the future.

As the view can be dynamically switched from the bird’s eye view perspective to
the vehicle’s cockpit view, vtSim.VIEW offers displays options for the dashboard and
the warning/information display (human-machine–interface). This dashboard can be
configured by editing a dedicated dashboard XML file. This can include up to 3 rows of
text; currently, values detailing the current acceleration value and the current time gap
in seconds to the leading vehicle are available (these are taken from the tracking file,
not calculated by the software). A styled speed indicator in km/h can be shown (see
Fig. 3), as well as an image indicating if a warning is present (see Fig. 3), and another
image (i.e. system branding).

Table 2. Possible message contents

System (type) Message content
(content)

Possible statuses

Congestion warning (“Congestion”) Distance in meters “warned”, “in_jam”,
“cam_jam_recognition”

Construction warning
(“Construction”)

Distance in meters “warned”

Obstacle warning (“BDV” for
“broken down vehicle” – may be
renamed later to reflect its more
general purpose)

Distance in meters,
type of obstacle

“warned”

Green light advisory – remaining
time to red light (“restred”)

Remaining red time in
seconds

None (tag not used)

Green light optimized speed
advisory (“speedadvice”)

Advised speed in km/h None (tag not used)
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4 Usage

When starting vtSim.VIEW, a window pictured in Fig. 5 appears.

The user can select a scene and some display options (screen resolution and full-
screen mode). Furthermore, vtSim.VIEW can be started in Visualization mode or in
Editor mode (when the “Editor” checkbox is selected).

4.1 Visualization Mode

Figure 6 shows a screenshot of the visualization, showing an urban scene. All available
windows and controls are shown. Normally, only the bottom bar is visible.

The bottom bar contains various controls:

• A click on the “Help [F1]” button or the “F1” shortcut key shows an overview over
the available shortcuts (see also Fig. 7).

• The current “Time” can be freely selected using the slider on the left.
• “Speed” can be altered using the speed slider. 100 % means, that 1 real second is 1

simulation second, 200 % means, that 1 real second is 2 simulation seconds.
• The simulation can be paused at any time using the “Pause” button.
• The pre-defined cameras can be activated by selecting an element from the cameras

dropdown. Where shortcuts are defined, those are shown in brackets (like “Bird’s
Eye [1]”, when “1” is the shortcut key for this camera).

• A click on the “Options” button shows the display options (see also Fig. 8). These
are described later.

Currently, navigation is accomplished with keyboard control. The possible actions
are listed in Fig. 7. The “up” and “down” arrow keys have different meanings
dependent on the view. Normally, they rotate the view to the top or to the bottom. In
the Map view (2D view), they zoom in and out.

Fig. 5. The initial window allows selection of scenario, screen resolution and mode (editor or
not)
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The Options window (Fig. 8) gives the user more control over the display:

• “Show legend” shows the legend for the color-coded mode.
• “Show cockpit statistics” shows a statistics window (see Fig. 6, at the top-left

corner). It is filled with data when the Cockpit view is active.

Fig. 6. Visualization mode

Fig. 7. Help
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• “Show POI statistics” shows another statistics window (see Fig. 6, under the cockpit
statistics window). It is filled with data when a “POI statistics position” has been
placed, which captures data of the vehicles driving through it. It can be placed with
a right mouse click (see Fig. 7).

• “Color-coded map” switches the display of the map from realistic mode to color-
coded mode. For example, color-coded mode may be better in 2D view.

• “Color-coded vehicles” switches between realistic vehicle coloring and and color-
coded mode. For example, Fig. 6 shows vehicles in color-coded mode. The colors
provide information about the state of the vehicles (Fig. 9).

• “Stretch map view” applies only in the Map view (2D view). The projection is
stretched on the x-axis, so that a larger area can be displayed, without making the
streets thinner on the y-axis. For example, this can be useful to observe the vehicles
on a long, straight street.

Fig. 8. Options

Fig. 9. Legend for color-coded vehicles
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4.2 Editor Mode

When starting a scene in the Editor mode (Fig. 10) additional predefined objects like
trees, buildings or street markings can be added to (or removed from) the map,
To move, rotate or scale the objects, buttons can be used.

There are three rows of controls, two at the top and one at the bottom.

• First row at the top:

– “Save map as…” asks the user for a map file name and saves the current state
– “Editor mode” switches between “Edit objects” mode (described here) and the

“Edit Streets” mode (described in the next paragraph)

• Second row at the top:

– The left dropdown and button add objects to the map, like trees and buildings
– The right dropdown and button add markings, like crosswalks or arrows

• Bottom row:

– “Clone”: The selected object is cloned
– “Remove”: The selected object is deleted
– “Move”, dropdown, “Backw”, “Forw”, “Left”, “Right”: Moves the selected

object by the distance selected in the dropdown
– “Rotate”, dropdown, “Left”, “Right”: Rotates the selected object by the angle

selected in the dropdown
– “Scale”, dropdown, “+”, “-”: Scales the selected object by the zooming factor in

the dropdown.

It is also possible to edit road elements, which is useful for rural maps, when
bridges should be created. For the visualization the road elements can be given a label

Fig. 10. Editing a road element to create a bridge within a rural scenario.
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(ground, ramp or bridge) and the height of the starting and ending point can be edited.
Using the “Update” buttons marking lines, verges, crash barriers and bridges are
visualized according to the street levels.

5 Implementation

5.1 Language Choice and Libraries Used

The software is written in Java, ensuring runtime compatibility with all desktop plat-
forms. The fact that most popular traffic simulations are not written in Java is not a
problem because of the modular structure of vtSim and vtSim.VIEW where data-
transfer is achieved via files. SUMO in particular already takes an extensible approach
to simulation whereby the core software is written in C++ but some additional tools
provided are written in Java or Python, and an online control interface for external
applications is provided [5]. For 3D rendering, the open-source jMonkeyEngine [8] is
used, which comes with some free models including the car object used. It also allows
the display of all kinds of 3D models compatible with the free modeling software
Blender [9], such as other objects that were acquired from the commercial model
library TurboSquid [10]. The complete program architecture is shown in Fig. 11.

5.2 Visualization

The conversion from the network representation to a 3D graphic is performed by first
building a wireframe model based on the network description. Connections to other

Fig. 11. vtSim.VIEW software architecture
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links and the number of lanes are taken into account. Figure 12 shows the construction
of a road section schematically.

The edges of roads are augmented appropriately for the scenario. For the rural
scenario, empty land is shown as grass featuring undulating hills and the sky is tex-
tured. Vehicles are shown with detailed vehicle models. The size of the network
displayed by vtSim.VIEW is only limited by system memory. Efficient culling tech-
niques in the jMonkeyEngine compute only the geometry which is actually visible on
the screen.

6 Outlook

The creation of a tool for generic, realistic 3D visualization based only the simulation
geometry, vehicle trajectories and (optionally) vehicular communication data has
rapidly accelerated the process of creating life-like 3D material for exploration and
display. The software is aimed at those in research and industry who require realistic
visualizations that do not need to exactly reflect the exact geography of the modelled
location. Likewise, the software can add realism to generic simulations (e.g. vehicular
communication system prototyping) that are not based on any real road network.

We have already used the software to great effect in the research projects simTD
[11], SOCIONICAL [12] and ecoMove [13], using source data from the VISSIM [7]
simulator and data derived from video recordings. By using a well-described, XML-
based data format, the software is not specific to any one data source, simulated or
otherwise.

We intend to extend the software to handle pedestrians, cyclists and road-side
communication units. We may consider using information beyond edges and their
shapes (which are normally enough for a motorway network) such as the shapes of
junctions in the simulation, where available.

Fig. 12. Schematic diagram of road link construction.
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Abstract. The objective of this paper is to analyze the influence of different
driver behaviors on the energy consumption of electric buses. It shows that risk-
taking attitudes on traffic are not only dangerous to the driver, to the bus users
and to the surroundings, but also promotes a poorer performance of the vehicle
itself, increasing its energy consumption and reducing the amount of energy that
can be recovered on regenerative braking.

Keywords: Driver attitude � Electric bus energy consumption � Electric bus
performance � Risk-taking behavior

1 Introduction

Electric vehicles are seen as one of the key players to address the issue of global
warming through its operation with zero tailpipe emissions and energy efficiency
improvement. In the contemporary world, many countries are working on alternatives
to replace internal combustion engine vehicles. For instance, in Europe, decision Nº
406/2009/EC of the European Parliament and of the Council of 23 April 2009 asks for
the effort of the Member States on the reduction of greenhouse gases emissions by
20 % until 2020 (European Union 2010).

The 2007 Intergovernmental Panel on Climate Change report concluded that
greenhouse gas emissions must be reduced by 50 %–85 % by 2050 as an attempt to
avoid many of the worst impacts of climate change. Reducing greenhouse gas emis-
sions from transportation will likely require a broad range of strategies, such as
increasing vehicle efficiency and reducing vehicle kilometers of travel. Public trans-
portation can be one part of the solution (Federal Transit Administration (FTA) 2010),
more specifically electric buses, which are quieter than regular buses, therefore pro-
moting a better experience to public transport users, and also does not require much
investment on infrastructure, as subways and trolleys for instance.
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Nowadays, there are some electric buses in operation in some parts of the world and
one of the main concerns is their high weight, which is mainly due to the amount of
batteries they carry in order to have an adequate operation range. Nevertheless, it is
crucial to investigate ways of optimizing an electric bus operation on the urban
environment, promoting an efficient performance. This could lead in the future to a
reduction of the bus weight, once it would require less energy to travel the same
amount of kilometers, and thus less batteries would be necessary.

When talking about the operation efficiency of internal combustion vehicles, there
is one factor that plays an important role on the fuel consumption: driver behavior.
However, at this point it is relevant to define what characterizes an aggressive driving
style. It is known that there are three aspects of driving behavior that have been labeled
as aggressive in the driving literature: (a) intentional acts of physical, verbal, or ges-
tured aggression; (b) negative emotions (e.g. anger) while driving; and (c) risk taking
(Dula and Ballard 2003). For this paper, the focus will be on the third category, namely
risk taking.

The risk-taking category includes behaviors such as speeding, running red lights,
weaving through traffic, maneuvering without signaling, and frequent lane changing; it
also comprises the dangers from lapses of attention while driving, typical for those who
use the cell phone, eat, drink, smoke, or adjust a car stereo. Any of these behaviors may
occur without the presence of negative emotion or intent to harm (Dula and Geller
2003).

Generally, this type of behavior has implications on fuel consumption (for internal
combustion vehicles) or energy consumption (for electric vehicles), once it is char-
acterized for the opposite behavior of the so-called eco(logical)-driving. An ecological
strategy is to anticipate what is happening ahead, and drive in such a way so as to
minimize acceleration and braking, cruising at the optimal speed, and to maximize
coasting time at stops (Kamal et al. 2009). In other words, it may be represented by a
soft driving, especially restricting acceleration rates (Miyatake 2011).

In this paper, it is intended to analyze the implications of risk taking attitudes of a
driver towards the energy consumption of electric buses when compared to regular
drivers. In order to do that, a mathematical model for an electric bus powertrain was
developed and further implemented on the simulation suit Simulink (a simulation
package of the Matlab environment). This model was further integrated to the traffic
simulator SUMO through a high-level architecture approach, allowing the bus simu-
lated on Simulink to perform a route designed on SUMO that later gives feedback to
Simulink in order to perform appropriate evaluative calculations.

2 Simulink Model Overview

The Electric Bus Powertrain Subsystem (EBPS) is a mathematical model of an electric
bus engine implemented in MATLAB Simulink (Perrotta et al. 2012). Several modules
that are used to compute specific parameters constitute the model. One of these sub-
systems represents the vehicle powertrain, taking into account the forces that work
against its movement and the gear ratios involved. An output of this subsystem
computes the amount of required energy for a driving cycle to be completed. A second
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subsystem is implemented that calculates the amount of energy that may be possibly
recovered from the regenerative braking, taking into account the kinetic energy of the
vehicle. Two other subsystems are related to the batteries and the super-capacitors,
evaluating whether they are capable of absorbing the energy from the braking or not.
Figure 1 illustrates the main subsystem of the model.

This system is modeled in continuous time. It receives a vectorial structure as input,
where velocities are related to time instants. As outputs, the model produces a structure
for each metric, with values associated with an instance of time. The most significant
parameters calculated by this model are:

• Power: Expresses the power required for each instant of the driving cycle.
• Total Energy Cycle: Represents the energy required to complete a whole cycle.
• Braking resistance energy: It is known that electric motors are able to work in

generator mode and recover part of the braking energy back to the system. This
model calculates the amount of energy dissipated in braking episodes that is not
available to be recovered.

3 Sumo

SUMO (Krajzewicz et al. 2012) is a suite of applications that are used to design and
implement realistic traffic domain simulations. SUMO represents both the road network
infrastructure and the traffic demand. It has become an important and popular tool
within the urban traffic and transportation community.

Fig. 1. Electric bus simulation model on Simulink
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SUMO follows the microscopic modeling approach. Thus the level of resolution is
modeled with a detailed representation of the traffic dynamics. This approach will
describe the behavior of the entities that make up the traffic stream as well as their
interactions. In microscopic models, the level of detail scales down the individual
behavior of vehicles, their interaction with each other and with the road network up to
the single junction level.

To define the entity “vehicle”, the modeler needs to associate it with an identifier
(name), a departure time and assign it a route through the network. If it is necessary a
vehicle can be further described with more details. A simulated vehicle can be asso-
ciated with a type that describes the physical properties of the vehicle and the variables
of the kinematic model. A pollutant or noise emission model can also be associated
with each vehicle rendering the simulation more realistically. The origin/destination
pairs, such as the lane to use, the speed, or the position can be defined as well. By
distinguishing different vehicle types, SUMO allows the simulation of public transport
or emergency vehicle prioritization at intersections.

SUMO supports the extensibility to its core and control through TraCI (Traffic
Control Interface), which is an API that allows the traffic simulation to interact with an
external application via a socket connection in runtime. This approach allows the
application to retrieve values of simulated objects and to manipulate their behavior.
TraCI has an extensive documentation of the methods for communication with SUMO.
It is composed of three main sets of functions that are related to the information access,
to the control of the state of objects during the simulation (e.g. speed at each step) and
to the subscription of determined structure variables.

4 Method and Tools

An integrated simulation platform was developed in order to access the possible energy
saving of regular drivers in comparison to risk-taking ones. This platform is charac-
terized by the integration of two different simulators: a nanoscopic simulator repre-
sented by Simulink (Matlab environment), which accounts for the representation of the
powertrain behavior, and a microscopic simulator represented by SUMO, which
accounts for the routes that the bus is supposed to perform, the interactions of this bus
with other vehicles, and the stops at bus stops and traffic lights.

4.1 HLA Concepts

The High Level Architecture addresses the reuse and interoperation of legacy model
simulations. The HLA concept is based on the idea of the distributed simulation
approach that no single simulation model can satisfy the requirements of all usages and
users. In order to facilitate interoperability and reusability, HLA differentiates between
the simulation functionality provided by the members of the distributed simulation and
a set of basic services for data exchange, communication and synchronization.
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4.2 Architecture and Components

The HLA concept finds a wide applicability through a vast range of simulation
application areas such as education, training, analysis, engineering and even enter-
tainment at multiple levels of resolution. These broadly different application areas
suggest the variety of requirements that have been taken into account for the devel-
opment and the ongoing evolution of the HLA standards (IEEE 2000).

Three main components formally define the HLA concept:

• The HLA Framework and Rules Specification summarize a set of rules that en-sure
the proper interaction of federates in a federation and define the responsibilities of
federates and federations;

• The Object Model Template (OMT) provides the object models that define the
information produced or required by a simulation application and for matching
definitions among simulations to produce a common data model for mutual
interoperation;

• The Federate Interface Specification describes a generic communication interface
that allows simulation models to be connected and coordinated, implemented by
RTI that will be required for runtime operations.

An HLA ecosystem is divided in its major functional elements, as follows. The first
key elements are the simulation resources called federates. A federate can be a com-
puter simulation, an interface to a live system or a support utility such as an event
logger or performance monitor. The HLA imposes no constraints on what is repre-
sented in a federate or how it is represented, but it does require that all federate
incorporate specified capabilities to allow the objects in the simulation to interact with
objects in other simulations. These specifications are included into the federation object
model (FOM).

The second functional element is the runtime infrastructure (RTI). RTI is a dis-
tributed operating system for the HLA ecosystem, and provides a set of general-
purpose services that support federate-to-federate interactions, as well as the overall
management and support functions.

The third element is the interface to the RTI. The HLA runtime interface specifi-
cation provides a standard way for federates to interact with the RTI, to invoke the RTI
services to support runtime interactions among federates and to respond to requests
from the RTI.

The HLA ecosystem defined as above takes the name of HLA federation (Fig. 2)
that is a named set of federate applications and a common federation object model
(FOM) that are used as a whole to achieve some specific objective. A federation
execution is the actual operation, over time, of a set of joined federates that are
interconnected through a RTI (Fig. 3).

A detailed discussion of the HLA-based integration between SUMO and Matlab/
Simulink can be found in (Macedo et al. 2013). The integrated platform accounts for
the representation of two different systems. On the one hand, there is the traffic system,
which are the road network (expressing the physical infrastructure and the topology)
and the vehicle-entities that move on it. On the other hand, the electric bus system is
defined in terms of its powertrain subsystem such as the set of battery and traction
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motor, among others. To address the issues of the traffic system, a microscopic mod-
eling approach is required. The integration among them is achieved by associating the
electric bus powertrain subsystem with a vehicle entity (corresponding to a vehicle of
class “bus”) in the microscopic traffic model.

Thus, important criteria for the selection of the simulators (implementing the
microscopic and nanoscopic models) are the ease of access to the respective model
variables, the application programming interfaces (API) and communication protocols.
In order to implement the physical road infrastructure and the traffic dynamics through
vehicular movements in microscopic level resolution, the SUMO software suite has
been considered. As for the simulation of electric bus operations and performance, a
mathematical model of an electric bus implemented in Simulink has been considered,
which represents the main federate components and interactions.

Fig. 2. HLA system architecture

Fig. 3. HLA implementation architecture (IEEE 2000)
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5 Simulation Test-Bed

A random route was taken and modeled, considering as base reference the region of
Aliados, in the city of Oporto, Portugal. On this route, some bus stops were defined and
it was assumed that the bus would stop 20 s at each one of them. Stops at red traffic lights
were also considered. In Fig. 4, it can be observed the region of Aliados and a zoom-in
on a certain area, where the large green rectangles are bus stops and the smaller yellow
one is the bus, stopped at the bus stop (more specifically on the left road segment).

For calculation purposes, it was assumed that the absolute acceleration rates for the
risk-taking driver are 50 % higher than rates of regular drivers; the deceleration rate
was considered to be the same (Table 1). It is relevant to point out that none of these
values surpasses the technical restrictions of the electric bus.

The simulation was then performed twice for exactly the same route: one using
regular acceleration rates, based on the normal operation of the bus, and another for the
“aggressive” behavior, which for this paper is characterized by higher values of
acceleration rates.

Table 1. Acceleration/Deceleration rates for simulation.

Driver’s profile Acceleration (m/s2) Deceleration (m/s2)

Regular 0.6 1.0
Risk taking 0.9 1.0

Fig. 4. Aliados region and detailed representation of traffic on SUMO simulator (Color figure
online).
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6 Results

The first analyzed parameter was the amount of energy spent to perform the route. In
Fig. 5 it can be seen that the aggressive driver spent 14 % more energy (4.0 kWh) than
the regular driver (3.5 kWh) to complete exactly same route.

Fig. 5. Comparative plot of the amount of energy spent by each electric bus driver.

Fig. 6. Comparative graph of the amount of energy wasted on braking episodes.
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The second analyzed parameter was the amount of energy that is wasted during the
braking episodes on the resistance forces to the movement, namely resistance to the air
and resistance to the ground. All these forces depend significantly on the speed
(indirectly to the acceleration rate), thus it is expected some discrepancy between the
outcomes from both driving behaviors.

In Fig. 6, it can be observed that the aggressive driver wastes 0.27 kWh in all
braking episodes of this route, while the regular driver spends 32 % less: 0.20 kWh.
This parameter is extremely important to calculate the potential to recover energy on
braking episodes. Having a risk-taking attitude contributes negatively to this recovery,
once this generates a higher boost of energy in such a small period of time (i.e., a
braking episode), that batteries would struggle to absorb, due to their low power
density (Chu and Braatz 2002).

7 Conclusions and Future Work

In conclusion, with this work it became clear how badly driver attitude can affect the energy
consumption of an electric bus. Not only is risk-taking behavior dangerous for the driver
and the others but it also contributes negatively to an efficient driving performance. In this
paper, the case of an electric bus was analyzed and it could be observed that a simple risk-
taking attitude, such as accelerating more intensely has a huge influence on the bus
performance, either regarding the amount of energy spent to complete a certain cycle, or
regarding the potential of energy recovery from the regenerative braking episodes.

Future work encompasses the analysis of other performance parameters, such as the
impact of different driving styles on the battery behavior, either regarding its dis-
charging or its ability to charge on braking episodes under those conditions.

Another promising approach to explore in this context is the use of agent-based
modeling and simulation, in which autonomous agents would mimic the human
reaction to adverse traffic conditions. Agent-based models would thus allow a more
detailed analysis of cognitive aspects influencing driver attitude towards more eco-
logically efficient driving behaviors.
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Abstract. Unicast geo-routing protocols are reliant on a robust location service
protocol to successfully seek the destination vehicle’s location. Furthermore
successful V2X communication is reliant on the geo-routing protocol to suc-
cessfully deliver the packet. In both cases successful packet delivery and
robustness of the protocols is paramount, the failure of either renders commu-
nication a failure. In order to maximise packet delivery, this paper proposes a
framework comprised of a location service, the Urban Vehicular Location
Service (UVLS), and a geo-routing scheme, the Infrastructure Enhanced Geo-
Routing Protocol (IEGRP), that exploits infrastructure where available to
function in completely distributed, partially connected and fully infrastructure
based networks. Unlike previous protocols that are typically fully distributed or
centralised only, the proposed protocols are designed and evaluated to operate in
a heterogeneous vehicular environment, specifically to maximise packet delivery
and query resolution.

Keywords: Location services � Geo-routing � V2X � RSU � Hybrid vehicular
networking

1 Introduction

There has been a lot of momentum in the Inter-Vehicle Communication (IVC) space in
recent years, mainly driven by dedicated spectrum allocation and by the specification of
wireless vehicular standards such as 802.11p. Car manufacturers are becoming
increasingly interested in a range of applications ranging from infotainment and
comfort applications to safety and traffic management. An important aspect of this IVC
research, particularly for infotainment applications is to reliably retrieve accurate
information relating to vehicle location. This is important from a number of perspec-
tives including service discovery and applications that might be built on top of IVC
networks but also from the perspective of getting information to and from vehicles in
the network and is achieved using a location service protocol. Vehicular routing is
typically based on position based or multi-hop geo-routing protocols and for this you
need accurate location information in order for these routing protocols to function
correctly. Thus, to route packets in a network it is necessary to identify the location of
the destination vehicle.
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However another challenge, is that even once a routing protocol has accurate
information, multi-hop routing in a vehicular environment is extremely difficult and it
is widely known and documented that reliable multi-hop communications, primarily
wide area, cannot be reliably sustained. Road-Side Units (RSUs) can be used to
facilitate more reliable communications because they can minimise the need for ad hoc
routing and route over a backbone network. Full RSU deployment and coverage may
not be available for a considerable period while vehicular infrastructure is being
deployed. Thus there is a need for a heterogeneous network, comprising ad hoc and
infrastructure components that can scale as the number of RSUs increase.

Thus there is a need to develop a location service and routing protocol that will
operate in this heterogeneous environment, exploiting infrastructure where possible to
successfully deliver location management and data traffic. These protocols can tran-
sition between infrastructureless and infrastructure based networks, generalise well
and do not dictate minimum baseline requirements in order to function. This paper
thus presents a location management framework by providing a hybrid and robust
location service, UVLS and routing protocol, IEGRP, for city and suburban
environments.

2 Related Work

Current unicast routing algorithms typically provide a completely distributed routing
solution or very recently a few authors have proposed centralised only approaches.
Distributed vehicular unicast routing protocols can be categorised as position-based
[1–10], delay tolerant [11–15] or QoS based [16, 17]. None of these routing protocols
consider interaction with partial or full infrastructure, would thus treat a RSU as a
“regular” neighbour in the routing algorithm, and will choose a RSU as the forwarding
node only if it is the node that makes the greatest greedy progress towards the desti-
nation. Furthermore these algorithms are not optimized to prioritize the transmission of
packets over a high speed backbone network, rather than via the VANET, if available.
Very importantly it should be noted that despite these drawbacks, distributed geo-
routing is the defacto routing technique specified in current ITS standards with the
GPSR scheme specified as part of the GeoNet project and greedy routing with store and
forward buffering specified as part of the ETSI TC ITS reference architecture [18, 19].

Very recently, the benefits of utilising fixed infrastructure as a routing complement
to the vehicular ad hoc network, in order to improve reliable end to end multi-hop
communications, has been recognised [20–24]. Such schemes typically require dense
RSU deployment in prescribed positions as a prerequisite to the correct operation of
the routing scheme. This was noted for RAR (start and end of sector) [22], TrafRoute
(uniformly distributed with one RSU per sector) [21], ROAMER (widespread
deployment) [24] and SADV (every intersection and in the case of partial deployment
that they are located uniformly with no backbone connectivity) [23]. Such schemes are
thus limited in their generic applicability across a wide range of road topologies that
may have restrictions in terms of RSU placement e.g. use of existing infrastructure,
or may not lend themselves to uniform deployments. RAR, TrafRoute and ROAMER
implement their own proprietary route discovery mechanisms to identify the location
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of the destination and to establish the route, presenting tightly coupled routing and
location service solutions. Packets must follow this pre-determined route towards the
destination which is statically determined and does not change, is reassessed at every
intersection or the details of how it is determined are unspecified. Importantly, current
infrastructure based protocols do not typically specify a recovery mechanism i.e. when
a route cannot be found in the ad hoc network before reaching infrastructure or when a
RSU does not exist in an expected location. RAR assumes V2I2V with the widespread
existence of infrastructure for each sector and does not outline a multi-hop recovery
scheme, similar to TrafRoute and Borsetti et al. [20]. SADV assumes RSUs are
located at every intersection (though unconnected via a backbone). ROAMER utilizes
multicast for redundancy when utilizing ad hoc, V2I or I2V routing, as well as
bounded geo-cast communications when in range of the destination node, which
incurs high overhead. Vehicular connectivity and widespread RSU coverage is
assumed.

Such drawbacks of the current start of the art infrastructure based routing protocols
motivates the need for a hybrid routing protocol that can dynamically adapt its routing
decisions between distributed and infrastructure based conditions, depending on the
network topology under consideration, in order to fulfil the most fundamental of
routing objectives - packet delivery. Such a scheme should not dictate the prescribed
RSU deployment or density as this does not generalize well and limits its implemen-
tation. It should function with any location service protocol that identifies the location
of the destination with routing decisions made on a stateless per packet basis, rather
than following a pre-determined route.

A plethora of location service protocols have been proposed to date. Majority of
these are designed for MANET environments [25–47] and do not cope well with the
high dynamism of vehicles and restricted mobility patterns in accordance with the road
topology. Distributed vehicular equivalents [48–60] have been proposed but also suffer
from limitations, in particular with reduced density, long path lengths and the chal-
lenging radio conditions associated with urban vehicular environments. Importantly,
they are not equipped to exploit road-side infrastructure if available to maximize
delivery of location server packets and also to act as static location servers. Centralised
only location services have also been proposed [60, 61] but do not consider partial
infrastructure deployment. Many assume the existence of uniformly distributed density
of fixed RSUs, located in prescribed locations or it is expected that such RSUs will be
located centrally within a partitioned topology that may not comply with the underlying
network map [34–37].

Furthermore, many of the current vehicular location service protocols, both dis-
tributed and infrastructure-based, have focused on proposing and evaluating the
asymptotic costs associated with update and query mechanisms, assuming a node exists
in range of a location to act as a distributed server and disregard or do not adequately
address the non-uniform disconnected nature of VANETs. Recently, a subset of
location service protocols propose aggregated schemes (often hierarchical for locality
awareness) to reduce location update and query overhead [35, 36, 55, 56]. This is
further in line with the goal of many location services, as already described, to reduce
cost of the overhead incurred. Vehicle updates, and in some case query packets, are
delayed and aggregated and therefore may experience delay which can lead to reported
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location inaccuracies. Furthermore all of the afore-described schemes suffer from
“service disruption time” (a phrase used in the evaluation of LSVT) [62] i.e. if a vehicle
changes cell or group while a location update is occurring, incorrect location infor-
mation will be returned to a querying location. Lastly a simple technique that would
further disseminate vehicle location information is for forwarding vehicles to store
‘overheard’ location information from packets that it routes. This is currently only
considered by one distributed location service protocol, RSLS [58]. The described
drawbacks of the current start of the art location service protocols presents the moti-
vation for a location service protocol that can robustly fulfil the most fundamental of
location service objectives – location query resolution.

3 Urban Vehicular Location Service (UVLS)

The UVLS protocol is proposed to robustly resolve location queries, while maintaining
a high query success rate where possible, by increasing access to location servers for
update and query procedures. The distinguishing objective of UVLS is that it is focused
on delivery and not simply on reducing overhead costs at the expense of successful
location resolution or accuracy. This is primarily addressed in its query strategy: which
is locality aware while providing functionality to resolve wider area queries.

1. UVLS addresses locality awareness using a road topology aided directional unicast.
2. Wider area queries are resolved by forming a Peer-to-Peer (P2P) overlay network of

intersections. As the overlay network is formed of RSUs, no overlay maintenance
overhead or inconsistencies arise.

3. Two simple optimization features, location caching/opportunistic query resolution
and passive updating are employed to further improve the success rate of the
presented location service.

The main components of a location service protocol includes the location server
election and maintenance procedure, the location update or registration process (when
and how location updates should be disseminated) and the query procedure (how to
determine the location server(s) of a destination node given its ID in order to suc-
cessfully resolve its current location). A description of the UVLS protocol design is
now provided to satisfy these criteria, with particular attention paid to the query aspects
of the proposed protocol.

3.1 UVLS Location Server Management and Registration

In UVLS, static RSUs located at intersections are always favored as location servers.
As outlined in the next section, local queries are resolved via a bounded topological
unicast so explicit node updates are only required for queries spanning larger areas.
Vehicles must firstly determine the frequency with which a vehicle should update its
location information. UVLS uses a combination of time and distance based update
triggers. Therefore, a vehicle updates when it has travelled a distance that exceeds the
distance threshold or based on an expiry timer, whichever occurs first. The timer based
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update is triggered based on the time taken to travel the distance threshold based on the
vehicles average speed.

In UVLS, all RSUs in the vehicular network form a P2P overlay network using the
Chord structured Distributed Hash Table (DHT) algorithm [63]. Each RSU hashes its
unique identifier to derive its Chord ID, with all Chord IDs forming the overlay ring.
As RSUs will remain static and every RSU is aware of the vehicular environment i.e.
all other RSUs, bootstrapping and maintenance of the Chord overlay is not a challenge.
Each RSU is responsible for a given set of identifiers in the keyspace i.e. vehicle
locations in the network. This process is illustrated in Fig. 1, with a vehicle updating
the relevant location server.

Once a vehicle determines that it must update its location information, it must firstly
determine the appropriate location server. In order to do this, UVLS vehicles transmit
their location information to the closest intersection with a RSU. As with all forwarding
vehicles, the location server at this intersection caches the information in its location
table to facilitate fast resolution of local queries. It then determines the vehicle’s
location server by hashing the unique identifier of the updating vehicle determined via
the common SHA-1 hashing function. This location server is the RSU with the closest
succeeding ID to the hashed identifier of the updating vehicle. A timer is associated
with the update that allows servers to invalidate entries shortly after a new update entry
is expected. This timer is calculated based on the current time, the time the update was
issued and the speed the vehicle was travelling at the time of issuing the update.

3.2 UVLS Location Query Procedure

As previously stated, the goal of UVLS is to prioritise robustness i.e. receipt of location
update packets at the correct location server and accurate location resolution. UVLS
further addresses locality awareness i.e. where the source and destination vehicles are

Fig. 1. UVLS RSU overlay network
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located in nearby proximity. Thus UVLS is designed to resolve local and wide area
location queries and does so by employing a dual approach: firstly seeking the location
of the queried destination in the local neighbourhood zone (a geographical area with a
bounded Hop Limit (HL) or Lifetime) followed by a wide area search if the location is
not resolved. It is envisaged that when the parameters and requirements of vehicular
infotainment applications become more clearly defined, that sub-classification of
infotainment applications could be identified i.e. whether they are bounded locally or
not, in which case UVLS can use one or both of these query mechanisms. In the
described protocol implementation, it is assumed that the locality aware query reso-
lution approach is first employed, followed by a wider area search if the queried
location is not resolved.

To provide locality awareness and resolve local queries, UVLS initially attempts to
determine the location of the queried destination vehicle within a five hop perimeter,
i.e. the local neighbourhood zone. Five hops has been chosen as this is considered to be
the mean upper hop count for successful packet delivery in mobile ad hoc networks
[64] and the ETSI C2CNet specification utilises a five HL for its local query resolution.
However unlike the ETSI C2CNet location service which broadcasts a packet within
five hops, or similar quorum-based location service approaches, UVLS uses unicast
packets rather than local broadcasts. This minimises the number of nodes within the
local neighbourhood zone that need to be involved in the query or reply process, or
involved in the location caching process. Therefore if a source vehicle queries the
location of a particular destination node, the query is transmitted as a unicast with each
interim forwarding node that receives the query packet looking up its own location
database to check whether the queried location can be resolved. If an entry exists, a
unicast reply message is generated and transmitted towards the source vehicle, where
this location information is used to communicate with the destination. Alternatively if
no entry exists in the location database the location query packet is forwarded. The
location query is dropped when the HL reaches zero i.e. when it reaches the boundary
of the five hop local neighbourhood zone.

Importantly, when the source vehicle initiates the location query, it sets a timeout
threshold, the local query timeout, on the transmission of the query. In the case that the
local query timeout expires and the source vehicle has not received a location reply
packet, it will deduce that the local query has failed and a wide area query is issued.
The local query timeout, Ql_timeout (3.1) is derived from the maximum time take to
transmit and receive a unicast packet within the HL bounded local neighbourhood
zone.

Ql timeout ¼ Psize

Drate
þ Tdistance

c
þ ðAIFSNðacÞ � TslotÞ þ SIFS

� �
� HL ð3:1Þ

where

• Psize is the size of a UVLS query packet that is transmitted over the wireless
medium, containing the UVLS extensions, ETSI TC ITS and MAC headers. Drate is
the network data rate (bps).
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• Tdistance is the propagation distance (m) between the forwarding (transmitting)
vehicle and the target destination (receiving) vehicle. As this is not known when
estimating the timeout value the maximum radio range is chosen.

• c is the speed of light (3.0E + 08 m/s)
• AIFSN(ac) is the minimum number of slots and is dependent on the specified access

category (ac).
• Tslot is the duration of the physical layer time slot (13 μs).
• SIFS is the Short Inter-Frame Space, the interval between a data frame and its ACK.

This is a constant value of 32 μs.
• HL is the bounded hop limit field specified in the UVLS query packets transmitted

within the local neighborhood zone.

Another important distinguishing feature of the local UVLS query mechanism, in
addition to the use of a unicast, is the consideration of the underlying road topology. As
previously stated a bounded geographical area is considered with a HL specified in the
location service query packet. However a source or forwarding vehicle located within
proximity of an intersection duplicates the query packet as a unicast on all exiting road
segments. This is based on the reasonable assumption that vehicles will be enabled with
an on-board navigation system and map of the city. Consequently, each vehicle is
aware of its current location, the road segment it is on (extracted from the urban map)
and whether it is in range of an intersection. The query packet is therefore transmitted
in all exiting directions, choosing a point on the road topology exceeding the radio
range in order to choose a neighbor to make the greatest greedy progress in the
direction specified by the road topology.

If the local query timeout expires without the source vehicle receiving a location
reply packet, the source vehicle will next route the query to the location server at the
closest intersection with infrastructure. The location server at this intersection will
consult its own location database and, assuming that an entry does not exist, will take a
particular action depending on the location server type. To facilitate wide area queries,
the location server also forwards the updated location information to the closest
intersection with a RSU. This RSU forwards the query to the RSU location server at the
intersection with the closest succeeding ID determined via the employed Chord
common hashing function. UVLS is designed to operate in a partially or fully equipped
RSU network. However in an infrastructureless network, it can still function with
vehicles at intersections assuming the role of mobile location servers and thus the
location service would operate in a flat manner.

The packet delivery rate of UVLS is further improved by two simple optimisation
techniques. Firstly, vehicles cache location information that they have passively learned
from buffered and forwarded packets. This includes the position vectors of the source
vehicle that initiates the UVLS packet but also the position vectors of the interim
forwarding nodes. To avoid the situation where stale information is cached and
returned to the querying vehicle, a vehicle considers this passive location information
to only be valid for a maximum time of t/s, the time it takes a vehicle to exceed the
radio range at maximum speed. Thus if a vehicle receives a location query and is not
the location server but has an entry stored in their extended location table or determines
that it is the destination being queried, it directly sends a location reply to the source
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vehicle and drops the location query packet. This simple optimization approach
improves location service QSR, delays and reduces query path lengths. Furthermore the
busier the network becomes i.e. greater dissemination of UVLS updates, queries and
replies, leads to greater opportunistic location resolution.

Secondly, a side effect of including the current position vectors of forwarding nodes
in UVLS packets is that when a RSU location server receives an update, not only does
it initiate the direct update or query process as intended but it updates the relevant RSU
location servers (determined by hashing each respective unique vehicle identifier) with
this passively acquired information, resulting in accurately stored location information.

In summary, UVLS improves upon current state of the art approaches in a number
of ways:

• Many location service protocols are focused on reducing the asymptotic cost of
overhead rather than on prioritizing delivery, making false assumptions about
connectivity and density. UVLS specifies that RSUs should always be used as static
location servers where possible. Once a RSU is reached, the query will be resolved
over the backbone network as only intersections containing infrastructure are
considered to act as location servers. As an overlay network is employed, the
solution is scalable - if a RSU is new deployed in the network, it will be added to
the overlay network and the location load redistributed amongst RSUs in the DHT.
Furthermore, local queries are resolved via a bounded topological unicast so explicit
node updates are only required for queries spanning larger areas.

• Current infrastructure based location service protocols assume full and dense RSU
deployment with infrastructure either available at every intersection or more com-
monly located centrally within an arbitrarily chosen grid. While UVLS makes use
of infrastructure, it does not dictate particular RSU placement providing a solution
that is more generic in its applicability to a variety of road topologies.

• The use of aggregated update and query mechanisms have also been recently
proposed with scheme specific update mechanisms dictating the frequency and
operation with which vehicles update their location. While UVLS passively
‘aggregates’ information by gathering forwarding node’s position vectors as the
update or query is being routed, it does not delay the forwarding of this information
to the relevant location server. Furthermore it achieves greater accuracy due to its
location server selection scheme and passive updates. By employing a flat approach,
UVLS also does not incur any reported location inaccuracies or overhead due to
requirement to re-issue updates when crossing level boundaries as is the case in the
afore-described schemes or issues with deploying road topology aware partitioning
schemes that may limit its applicability.

• UVLS explicitly considers locality awareness by employing a topologically scoped
unicast mechanism so that if a vehicle pair is located in close proximity, the location
can be easily resolved. To ensure high delivery, this local query mechanism
accounts for the road topology by duplicating the unicast according to the exit
mechanism at intersections.

UVLS therefore differs from current state of the art location service protocols in that
it does not dictate a mandatory availability or placement of RSU infrastructure, considers
locality awareness, prioritizes query resolution and provided accurate location resolution.
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4 Infrastructure Enhanced Geo-Routing Protocol (IEGRP)

Once the location of a node is determined, routing must be employed for packet
delivery. IEGRP is a geographic routing protocol designed to operate over a fully
distributed or a partially/fully infrastructure based network and extends our previous
work in [65]. Unlike recently proposed infrastructure-reliant approaches described in
Sect. 2, it does not demand particular network conditions with respect to RSU avail-
ability in order to operate and allows routing algorithms to be dynamically overridden
to exploit infrastructure where available.

For fully distributed routing, IEGRP exhibits many characteristics that, in isolation,
have been utilised as part of other vehicular routing protocols. A set of generic
guidelines for improved VANET routing were recommended in [66] including the use
of a store and forward paradigm to cope with temporary disconnections, extended
beacon messages (though the content is not specified) and careful selection of for-
warding criteria. IEGRP uses store and forwarding buffering to overcome temporary
disconnections in the vehicular ad hoc network. Extended beacons are periodically
transmitted between one hop neighbour vehicles, including motion and position vec-
tors. The position vector contains the current and previous position of a node, with the
motion vector describing a nodes velocity. These extended beacons are used to predict
if a vehicle has moved out of the radio range since the timestamp of the last beacon and
also to determine the next hop neighbour that will be chosen by the advanced greedy
algorithm. In IEGRP, rather than the basic forwarding method of choosing the vehicle
that will make the greatest greedy progress towards the destination, IEGRP also
accounts for the direction in which the vehicle is travelling and so may choose a vehicle
that achieves slightly less progress but is travelling in the direction of the destination.
Such an approach has been discussed in the GeoNet final project deliverable [67] as
being a possibility for a future extension in the GeoNet specification. In these ways,
IEGRP fulfils the optimum criteria for routing in a fully distributed vehicular network.
However the primary distinguishing factor of IEGRP is that it exhibits a number of
hybrid characteristics, now described and illustrated in Fig. 2:

• IEGRP allows a vehicle’s default greedy algorithm to be dynamically over-ridden so
that unlike other schemes that choose a neighbour vehicle that makes the greatest
geographic distance towards the destination, IEGRP favours a RSU that makes less
forward progress to the destination but has a wired link to another RSU that can
achieve a greater gain in geographical distance over the infrastructure based back-
bone. This ultimately offers a better geographical routing gain for packet delivery.

• Similarly, a RSU that may incur a geographic loss in forward progress towards the
destination can be chosen if it can route the packet to another RSU geographically
closer to the destination over the backbone. Thus in scenarios where the store-and-
forward recovery technique would typically buffer a packet, it instead “back-tracks”
the packet to a RSU that can route over the backbone.

• RSU neighbours are advertised in periodic vehicle beacons so that indirect neigh-
bour nodes may learn about infrastructure based two hop neighbours. Thus the
previous two points consider not only one hop neighbours but also two-hop
infrastructure neighbours.
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In Fig. 2(a), the blue vehicle wishes to route a packet to the red vehicle. As the blue
vehicle has reached the local maximum, a geo-routing protocol would ordinarily buffer
the packet until a new vehicle is encountered that can make greater geographic progress
towards the destination. However IEGRP exploits topology knowledge of RSU
neighbours acquired indirectly via two hop beaconing to select an alternative node
towards the packet will be forwarded i.e. dynamically overriding the default buffering
mechanisms. The routing algorithm operating on the blue vehicle determines that it
should multi-hop the packet via the black vehicle to the two-hop RSU. While this will
not make a temporary gain towards the destination (it achieves lesser forward progress
in the short term), it can route over the wired backbone network (or Internet) to another
RSU that will achieve greater physical proximity to the target red vehicle. Similarly in
Fig. 2(b), the blue vehicle wishes to route a packet to the red vehicle but the IEGRP
routing algorithm will not simply choose the neighbour that achieves the greatest

(a) 

(b)

Fig. 2. IEGRP routing protocol to favour RSU connectivity (a) overriding store and forward
mode (b) overriding greedy mode (Color figure online)
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physical progress towards the destination i.e. the black vehicle, as per typical greedy
behaviour, but rather forwards the packet to the RSU does not make the best progress
to the destination in the short term, but will the best progress to the destination overall.

In contrast to the infrastructure based schemes discussed in Sect. 2, IEGRP does not
dictate a mandatory minimum availability of RSUs. Furthermore, it does not require
mandatory RSU placement in order to correctly operate (though uniform distribution
may improve delivery rates), as it acknowledges that RSUs may be located where there
is existing infrastructure and thus it can adapt to varied network topologies. It operates
with any location service protocol and most importantly specifies stateless greedy and
recovery routing schemes that can dynamically adjust to best accommodate network
conditions on a per packet basis to maximise the possibility of packet delivery. This
allows IEGRP to adjust dynamically in conjunction with the network topology under
consideration.

5 IVC Simulation Environment

The performance of UVLS and IEGRP is evaluated using OPNET, a commercial net-
work simulator [68] along with the microscopic traffic simulator, SUMO [69]. Com-
munication and vehicular traffic parameters are shown in Table 1. A 2500 m × 2500 m
Open Street Map (OSM) sub section of Cork City, Ireland, is considered as shown in
Fig. 3(a). It is necessary for the OSM map to be manipulated to reflect real vehicular
conditions i.e. one way streets, accurate speed limits etc., via Java OSM [70], as shown
in Fig. 3(b) with the derived road network subsequently imported into SUMO in Fig. 3
(c). Buildings (polygons) are specified as they are employed in an obstacle model for
realistic wireless channel transmission modelling as shown in Fig. 3(d). Varied vehic-
ular traffic densities are generated to model sparse to busy yet free flowing conditions

Table 1. IVC simulation parameters

Parameter Value

Simulation duration 1000 s
Application duration UDP, Exponential (90 s)
Number of sender pairs 10 (constant)- chosen randomly
Inter-packet arrival rate 50 ms
Packet payload size Uniform(100B) with std.dev ± 15B
Vehicle densities *4–9 veh/km2

Channel model Sommer et al. obstacle based model
with Shadowing + Nakagami small
scale fading

Maximum transmission
range

210 m

Antenna heights 1.5 m
PHY and MAC 802.11p
Beacon interval, timeout 100 ms, 150 ms
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with vehicles travelling at a maximum speed of 50 kph. The traces are subsequently
imported into OPNET as shown in Fig. 3(f). Vehicles are maintained in the network for
the duration of the simulation to prevent IEGRP packet loss due to exit of the vehicle.
The chosen radio propagation model chosen can have a significant impact on successful
packet reception. In this simulation study, an improved version of the Sommer et al.
channel model is used [71] that differentiates between Line of Sight (LOS) and Non-
LOS between the transceivers utilizing traces of the JOSM buildings. Importantly, the
authors of this paper have included small-scale characteristics modelled via the
Nakagami-m distribution.

6 Performance Evaluation

The performance of UVLS, IEGRP and comparative protocols is evaluated with respect
to the following metrics:

Packet Delivery Rate (PDR): The PDR is the ratio between the data packets generated
at the source vehicle to those successfully delivered to the destination vehicle. An
idealised location service is used in the IEGRP evaluation to prevent any protocol
unrelated influencing factors.
Query Success Ratio (QSR): A query is a lookup made by the routing agent of a node
s requesting the location of a node d. This excludes queries that s can resolve from its
one hop neighbor table. Distinct from the PDR, a query is considered successful if it
receives a location reply from the location server that stores d’s location information.
Therefore the QSR is the ratio of location replies successfully received by source

(a) Open Street Map Representation of 
Cork City (2500m x 2500m)

(b) JOSM Building Specifications in a 
sub-section of Cork City

(c) SUMO NETCONVERT to represent 
road layout

(d) POLYCONVERT model to 
represent building polygons in a sub-

section of the Cork City map
(e) Traffic Modelling using flows (f) Mobility Modelling in the network 

simulator OPNET

Fig. 3. IVC modelling environment
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vehicles relative to the overall number of location queries generated. This is evaluated
for UVLS only.
Location Service Accuracy: The difference in meters between the returned location
coordinates relative to the destination vehicle’s actual position.
Location Service Load: The ratio between all location service control packets trans-
mitted by all vehicles to the total number of replies received i.e. the number of control
packets (updates, queries, replies and protocol specific control traffic) required to
identify a destination’s location.

A prevalent unicast geo-routing protocol has yet to emerge. As such, comparative
vehicular routing protocols were chosen in accordance with EU standardisation best
practice and specification. IEGRP is compared against C2CNET/GPSR and ISO/ETSI
GeoUnicast. C2CNET/GPSR [72] specifies the use of the Greedy Perimeter Stateless
Routing (GPSR) protocol, utilizing the ‘perimeter routing’ recovery scheme. ISO/ETSI
GeoUnicast is specified as part of the ISO/ETSI vehicular communications framework.
Its greedy algorithm operates in the same way as that of C2CNET/GPSR but it employs
delay tolerant packet buffering. Three IEGRP derivatives are compared, labelled as
IEGRP, IEGRP + OGS (Override Greedy Scheme) and IEGRP + ORS (Override
Recovery Scheme). IEGRP does not prioritize infrastructure amongst a vehicle’s
neighbors however if the default greedy algorithm chooses a RSU as the forwarding
node, it ensures that the RSU forwards the packet over the available wired backbone
network rather than solely using the wireless VANET. IEGRP + OGS allows the
default greedy algorithm to be overridden to favor a RSU one hop neighbor that makes
less forward greedy progress can exploit geographical gain over the backbone.
IEGRP + ORS allows a temporary geographic loss to occur in favor of infrastructure.
V2I schemes, as outlined in Sect. 2, are not directly comparable as they require full
infrastructure, often dictating specific RSU locations and a pre-defined route.

UVLS is compared against schemes from each location service including MBLS
(hierarchical vehicular scheme) [53], ILS (flat DHT vehicular scheme) [56], C2CNET
(a restricted vehicular flooding approach) and GHLS (flat MANET scheme) [62].

6.1 UVLS Evaluation

UVLS is evaluated with respect to varied source destination distance ranges. Distance
ranges starting at 210m–420m are considered, increasing in 210 m increments (max-
imum theoretical radio range). The impact of these distance ranges on each location
service protocol for 90 vehicles (approximately 5 veh/km) is shown in Fig. 4, which
illustrates the mean QSR for a fully infrastructure-equipped network topology and a
completely infrastructureless VANET respectively. A low vehicular density has pur-
posely been chosen to emphasize the performance impact of the proposed location
service protocol.

It can be observed from Fig. 4(a-b) that across all source distance ranges, for both
infrastructure based and infrastructureless scenarios, UVLS outperforms comparative
location service schemes to achieve the best QSR. As expected, given the design of
UVLS, the QSR is best when infrastructure is available (Fig. 4(a)). What is notable is
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that UVLS maintains high performance (given the low vehicle density) as distance
between the source and destination pairs increases. It maintains performance similar to
an idealized location service which will be outlined later in this section. UVLS incurs a
16.37 %, 13.45 %, 42.34 % and 6.25 % increase in QSR when compared with GHLS
RR, MBLS, ILS and ETSI TC ITS LS respectively for the 630 m–840 m (approxi-
mately 4–6 hop) distance and 10.14 %, 1 % (negligible), 33.03 % and 64.9 % for the
1050 m–1260 m (approximately 6–8 hops) distance. GHLS RR exhibits reduced
performance due to the flat nature of the scheme, which is more susceptible to parti-
tions in the network (particular noted in Fig. 4(b)). Secondly, as GHLS was designed
for MANETs (yet is frequently used as a baseline comparison) there is a lack of
correlation between the location server placement strategy and the underlying topology,
causing some hashed server coordinates to be located in areas where there is not a high
density of vehicles or even in positions that are not within radio range of the road
topology and thus permanently isolated.

(a) QSR full infrastructure

(b) QSR infrastructureless

Fig. 4. Mean QSR for the GHLS, MBLS, ILS, ETSI TC ITS LS and UVLS protocols as a
function of varied source destination distance ranges over full infrastructure and an infrastruc-
tureless network
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It can be noted that GHLS RR notes an increase in QSR of when compared to
GHLS Non RR for the infrastructure based network. Given the frequently discon-
nected nature of vehicular networks, a forwarding node may consider itself to be the
closest node to the hashed location server coordinates, though not within radio
range, thereby storing a vehicle’s location information and assuming the role of
location server. This has a negative impact on protocol performance when a vehicle
queries a location to the expected location server coordinates with such queries only
resolved if the query packet opportunistically encounters the rogue location server.
Thus the improvement noted by GHLS LS RR occurs as a result of assuming a DTN
approach and buffering updates and query packets until it reaches the closest node
with radio range of the coordinates as opposed to the local maximum in the multi-
hop network. A number of factors contribute towards declined MBLS performance,
even in the case of full infrastructure including its static hierarchical partitioning
scheme which is independent of the underlying road topology, reliance on a chain
of location servers and its inefficient update mechanism. ILS, as with other schemes
performs significantly better when infrastructure is available but is shown to fail
completely in an infrastructureless network. This is because the operation of ILS is
based on the premise of every intersection in the network becoming part of the P2P
overlay network. Given that not every intersection will have a RSU, failure to
delivery overlay maintenance packets may lead to inaccuracies and often permanent
partitioning of the overlay network i.e. failure of the location service. This is well
documented challenge for P2P overlays in mobile networks and one which is
exacerbated in high speed vehicular networks [73, 74]. Furthermore, the lack of a
timeout policy to phase out stale entries at location servers also impacts accuracy, in
turn affecting the PDR. Finally, the ETSI TC ITS LS protocol exhibits comparable
performance to UVLS for queried vehicles within the specified 5 hop broadcast
limit. This decreases for the 840 m–1050 m scenario for the infrastructure-based
scenario. This is to be expected given the broadcast nature of the solution but is at
the cost of higher overhead as discussed later. Infrastructure does not impact on
ETSI TC ITS LS performance as it is broadcast based. UVLS considers locality
awareness similar to ETSI TC ITS LS but also wider area queries by availing of
infrastructure located at intersections and the overlay network to maintain consis-
tently high QSR, even with low vehicle density. It does not succumb to the
drawbacks associated with the ILS overlay as the DHT ring is formed only of static
RSUs connected over a high speed backbone, negating the drawbacks associated
with overlay inconsistency. In this way as new RSUs are deployed, they can easily
join the overlay network with the location information keyspace redistributed
throughout the overlay network. For wider area queries, UVLS is limited only by its
ability to multi-hop location updates or queries to the closest RSU i.e. dependent on
vehicle density and the availability of infrastructure. Furthermore while ETSI TC
ITS LS maintains comparable QSR to UVLS for local queries, UVLS incurs less
overhead.

The PDRs incurred by each scheme over a fully infrastructure based and infra-
structureless network are shown in Fig. 5(a-b). This is shown as an indication of the
accuracy of the locations returned by the location service protocols. It can be noted that
UVLS incurs close to perfect PDR (based on an idealized location service) for locality
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aware queries and out performs all others schemes over increased distance ranges.
Importantly, it is acknowledged that the PDR can be impacted by other factors such as
availability of a route to the destination and thus no definitive conclusions can be drawn
from examining the PDR alone but it is noteworthy to observe that the PDR and QSR
for UVLS, GHLS, ETSI TC ITS LS and ILS are very similar. There is greater variation
between the QSR and PDR for MBLS.

The performance of the location service protocols are now examined from the
perspective of the returned location inaccuracy and overhead incurred. It was noted
earlier that the difference between the QSR and the PDR is minor across most schemes
as observed in Figs. 4 and 5. This is indicative of little location service inaccuracy,
verified in Fig. 6 which shows a CDF of the location error for all location service
protocols i.e. the difference between the location of the queried vehicle reported by the

(a) PDR Full Infrastructure

(b) PDR Infrastructureless

Fig. 5. Mean PDR for the GHLS, MBLS, ILS, ETSI TC ITS LS and UVLS location service
protocols as a function of varied source destination distance ranges over full infrastructure and an
infrastructureless network
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location service protocol and its actual location. It can be observed that UVLS, GHLS
Non RR and ILS incur small location errors (approximately 80 % of queries are
resolved with location errors of 90.9 m, 88.9 m and 95.35 m or less respectively).
It must be noted however that while ILS and GHLS Non RR do not incur high
inaccuracy, they experience lower QSR than UVLS as previously highlighted. It can be
further observed from Fig. 6 that GHLS RR incurs location errors of up to 635 m with
MBLS incurring location error of up to 1 km with 86.7 % and 80.2 % respectively of
the reported locations under the maximum theoretical radio range of 210 m.

ILS updates are based on exceeding the distance threshold with no expiry of the
location data at the server i.e. it is simply overwritten by the next more recent update.
This leads to the reporting of stale location entries. However the challenges associated
with maintaining ILS overlay consistency are so detrimental to performance that this
does not cause high inaccuracies in the presented evaluation. GHLS updates are also
based on distance but when an update is issued a timeout value is included. The timeout
is calculated based on the time taken to move the GHLS distance threshold when
travelling at the current speed. If the current speed is zero there is no timeout value
placed on the update. As a result this leads to stale entries if a vehicle subsequently
updates while moving but this update never reaches the location server. Importantly, as
with GHLS, UVLS updates are based on a distance and a timer expiry, whichever
occurs first. An expiry of 1.5 times the predicted timeout is used. If a location update
with a current speed of 0 is recorded, it is phased out of the location server table after
1.5 times the time it takes to travel the maximum radio range at the maximum speed.
Thus, in UVLS, stale entries are timed out at a location server with any inaccurate
replies as a result of intolerable delays receiving the location service reply.

However the large location inaccuracies incurred by MBLS are primarily caused by
its location update and expiry strategy. When an MBLS location server receives a
query, it replies with the predicted location of the vehicle based on its previously stored
coordinates and speed as opposed to the actual cached location. In an effort to reduce

Fig. 6. Location Inaccuracy for each location service protocol for 90 vehicles in a full
infrastructure based network for the 1050 m–1260 m distance range
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the location service overhead that is typically associated with periodic updates, a
vehicle updates its location only when it passes a new intersection and when crossing
a boundary between order squares. This approach decreases the accuracy of the
returned location as it does not consider large distances between intersections leading
to fewer updates (this is acknowledged by the authors), particularly if subsequent
update packets are not successfully delivered. Furthermore the update expiry threshold
is calculated as the time taken to travel between intersections in addition to the time
taken to travel the radio range at the current speed. Thus if a vehicle updates when
moving at a reduced speed or is stopped at an intersection based on a stop sign or traffic
light (likely given that MBLS nodes initiate an update packet when at intersections),
the timeout associated with the update is very high and does not consider that vehicles
do not move at a constant speed.

To summarise, UVLS provides an accurate QSR that out-performs other location
service schemes. However, in order to evaluate if this improved QSR is at the expense
of a significant increase in overhead, Fig. 7 examines the location service overhead i.e.
the number of location service protocol control packets (e.g. updates, query and reply
packets) necessary to successfully receive a location service reply. The overhead for

(a) Full Infrastructure (90 vehicles)

(b) Infrastructureless (90 vehicles)

Fig. 7. Location Service (LS) protocol overhead
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each location service protocol for the three distance ranges over an infrastructure based
and infrastructureless network is considered. Overall it can be observed that, for the
most part, all schemes incur similar overhead. Most importantly, UVLS does not incur
any significant additional overhead despite improved QSR performance and improved/
comparable accuracy. ETSI TC ITS LS incurs the highest overhead for the infra-
structure based scenario as it employs a flooding mechanism. ILS also incurs higher
overhead than other schemes as a result of overlay stretch. In Fig. 7(b) it can be
observed that failure of MBLS to successfully many replies despite transmitting a high
number of location service control packets causes significant overhead. A similar sit-
uation was noted for ILS though no data point was recorded for ILS for the
1050 m–1260 m distance range as no replies were received and thus the overhead
tended toward ∞.

6.2 IEGRP Evaluation

IEGRP is evaluated with respect to varied source destination distance ranges and
vehicular densities. The impact of these distance ranges on each routing protocol for
520 vehicles (approximately 9 veh/km) is shown in Fig. 8(a-b), which illustrates the
mean PDR (standard deviations are negligible) for a fully infrastructure-equipped
network and a completely infrastructureless VANET respectively.

It can be observed from Fig. 8 that across all source distance ranges, IEGRP and its
derivatives outperform both comparative schemes to achieve the best delivery ratio. As
expected, given the design of IEGRP, this is especially the case when infrastructure is
available. This improved PDR becomes particularly notable as the distance between the
source and destination vehicle increases, with IEGRP derivatives making better use of
infrastructure to find a path to the destination. IEGRP + OGS notes an increase in PDR
of 34.15 %, 34.35 % and 49.31 % when compared with C2CNET/GPSR (an overall
improvement of 67.9 %, 84.73 % and 201 % respectively) for 630 m–840 m (approx-
imately 4–6 hop), 840 m–1050 m (approximately 5–7 hops) and 1050 m–1260 m
(approximately 6–8 hops) distance ranges. It incurs an increase in PDR of 20.47 %,
23 % and 39.32 % when compared with ISO/ETSI GeoUnicast (an overall improvement
of 31.99 %, 44.32 % and 114 % respectively) over the same distance ranges. This large
improvement occurs for two reasons. Firstly, RSUs route packets over the backbone
network in order to make greater greedy progress towards the destination vehicle.
Secondly, the greedy routing algorithm can be overridden if a RSU is a neighbor as the
algorithm recognizes that it may not be located to make the greatest temporary greedy
progress in the first instance but can make greater gains over the backbone network with
respect to the overall delivery. It can be observed that IEGRP + ORS exhibits a further
increase in PDR when compared with IEGRP + OGS of 4.75 %, 5.61 % and 12.16 % for
the 630 m–840 m, 840 m−1050 m and 1050 m−1260 m scenarios (an overall
improvement of 5.63 %, 7.49 % and 16.48 % respectively). This is because it allows the
greedy scheme to be overridden to choose a node that makes a temporary loss in
progress but can route closer to the destination over the backbone network. Furthermore
IEGRP + ORS incorporates an alternative to the store and forward scheme where
packets can be backtracked to a RSU (potentially two hop). In contrast, the delivery rates
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of C2CNET/GPSR and the ISO/ETSI GeoUnicast protocol are highly dependent on the
distance between the transmitting and receiving vehicles with an almost linear decrease
in successful packet deliveries noted as distance increases, rendering them essentially
inoperable. This is mainly as a consequence of increased reliance on multi-hop com-
munications through the VANET which is more susceptible to partitions in the network.
The sharp decrease in the performance of C2CNET/GPSR is as a result of its recovery
scheme which is not suitable for highly dynamic environment i.e. the challenges in the
forming and maintaining a planar graph in vehicular networks, given high vehicle
mobility, negatively impacts such a routing scheme leading to routing loops and poor
delivery rates. Furthermore, despite the ISO/ETSI scheme employing store and forward
buffering and noting an improvement over the face routing recovery scheme of
C2CNET/GPSR for all distance ranges, the PDR performance is still highly susceptible
to increase in the distance ranges. However IEGRP and its derivatives are not as sus-
ceptible to increases in distance range and are relatively distance insensitive as the

(a) Fully RSU Equipped 

(b)  Infrastructureless 

Fig. 8. PDR for the C2CNet, ISO/ETSI GeoUnicast, IEGRP, IEGRP + OGS and IEGRP + ORS
as a function of varied source destination distance ranges, both (a) with and (b) without
infrastructure.
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protocol is designed to exploit infrastructure where possible. It can be noted that IEGRP
notes minimal improved delivery rates in the 210 m–420 m (approximately 2–4 hops).
The reason for this is the closer proximity between nodes, reducing the likelihood of a
preferable path over the wired infrastructure.

Figure 8(b) shows the incurred PDR performance of one of IEGRP’s derivatives
and comparative routing protocols over a completely infrastructureless network. As the
distinguishing factor of IEGRP is that it exploits infrastructure where available, it
incurs minor PDR improvements in a completely ad hoc network. However in
accordance with the criteria set out in Sect. 3, it employs a greedy scheme (albeit one
designed for infrastructure assistance), a store and forward buffering scheme and
additional advanced forwarding characteristics in that it selects forwarding vehicles not
only based on distance, but also based on their direction of travel in order to maximize
delivery. Thus, IEGRP still incurs marginally improved PDR (approximately 3 %) by
considering the direction of the next hop mobile neighbor. However, as with all
completely distributed routing solutions designed for vehicular networks, it is sus-
ceptible to impacted delivery rates when density is decreased and the network is
partitioned i.e. when a path does not exist to the destination. In order to evaluate the
impact of vehicular density on the routing protocol performance, traffic densities
between 4 and 9 vehicles/km were simulated. Thus far, the results discussed in the
preceding section assumed 520 vehicles in the network at all times. The performance of
the routing protocols as a function of the number of vehicles can be observed in Fig. 9
(a–c). This is graphed across three distance ranges for full infrastructure.

It can be observed that as the vehicle density increases, all protocols experience an
increase in the packet delivery ratio. This behavior results from increased network
connectivity in the VANET. Overall, it can be observed from Fig. 9 that IEGRP clearly
outperforms comparative protocols, demonstrating much improved delivery rates,
especially with higher vehicle densities. At lower densities of 90 vehicles, for a dis-
tance range of 630 m–840 m, as shown in Fig. 9(b), IEGRP + ORS achieves a PDR of
75.7 %, a considerable increase in the PDR incurred for C2CNET/GPSR (26.98 %) and
ISO/ETSI GeoUnicast (41.78 %) as well as the PDR incurred for derivatives of its own
scheme, IEGRP (66.1 %) and IEGRP + OGS (66.6 %). As the vehicular density is
increased to 520 vehicles, the PDR of IEGRP + ORS grows to 89.19 %, which is an
increase in PDR of 38.9 % and 25.22 % over C2CNET/GPSR and ISO/ETSI Geo-
Unicast as well as 14.43 % and 4.75 % more than its own derivatives (overall
improvement 77.35 %, 39.42 %, 19.3 % and 5.62 % respectively).

When the distance range increases to 1050 m-1260 m, as shown in Fig. 9(a), an
increase in vehicular density lends negligible improvement in delivery rates for
C2CNET/GPSR and ISO/ETSI GeoUnicast due to the lack of a path through the multi-
hop network over a larger distance. Both achieve a PDR of only 9.8 % and 23 %
respectively over a 90 vehicle network, increasing to only 24.48 % and 34.47 %
respectively for 520 vehicles. For C2CNET/GPSR, these performance issues exist
because of the absence of a suitable recovery scheme leaving the protocol susceptible
to temporary disconnections in the network. ISO/ETSI GeoUnicast does not suffer
degradation for this reason as increased density enables it to overcome voids in the
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network thereby increasing the likelihood of offloading the packet to a neighbor;
however at larger distances this improvement does not sustain adequate delivery rates.

It can be further observed from Fig. 9(c) that IEGRP offers minor performance
benefits for the 210 m–420 m distance for the same reasons as outlined in the previous
section i.e. proximity of vehicles negating use of infrastructure.

(a) 1050m-1260m

(b) 630m-840m 

(c) 210m-420m 

Fig. 9. Mean PDR for IEGRP and comparative routing protocols as a function of increasing
vehicular density over a variety of source-destination distance ranges
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7 Conclusion

In this paper a new location management framework for urban vehicular networks is
described, comprised of an urban location service, UVLS and an infrastructure
enhanced routing protocol, IEGRP. UVLS outperforms current location schemes by
employing locality aware and robust query resolution, further enhanced via caching
and opportunistic query resolution. To the authors knowledge IEGRP is the first hybrid
geo-routing protocol that can adapts its routing decision to transition between dis-
tributed, partial and fully infrastructure based networks. While this paper focuses on
vehicular location services as a vital prerequisite for geo-routing, this concept is easily
transferable to content service discovery which would be useful for implementing
publish/subscribe services and content sharing systems.
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Abstract. An accurate real-time simulation of traffic behaviour requires a large
amount of very specific data. It seems obvious that the use of currently measured
data from the field is a great opportunity to lead a simulation as close to reality
as possible. Once a realistic simulation of the traffic behaviour is available, many
applications are imaginable. It is possible to simulate different scenarios to
support the decision making process. Forecasts of the impacts of different
management strategies can be analyzed fast and easily to help improving the
quality of urban traffic. Furthermore a prediction of future traffic states can be
made using currently measured data of the traffic situation.

Keywords: Microscopic traffic simulation � Traffic management � VAMOS �
Dresden

1 Motivation

In the city of Dresden the regularly operated Traffic Management System VAMOS
combines data from various traffic data sources, which provide information about the
past and current traffic situation [2]. Data from sensors and actuators can be used to
feed and calibrate the micro simulation. Most of the data is collected by induction
loops, which measure the traffic volume as well as the composition of traffic. Further
sources for collecting traffic data are floating cars, which provide information about
their own position and velocity. Recently gathered online data from actuators like
traffic lights, variable message signs and variable traffic control units may also be
used to feed the simulation. In consideration of the mentioned online traffic-data
simulation tools like SUMO can be used to determine traffic situations for several parts
of a traffic system, dedicated for different modes of transport (such as private traffic or
public transport) as well as for the whole overall transportation system [1]. To have a
simulation suite under the terms of a General Public License is a main requirement. It
offers transparency issues like the possibility to look in the code. Another important
fact is the right to change the software to fits perfectly our needs. The simulation should
be very fast to simulate a given scenario faster than real-time to have real benefit. In
SUMO there is a special binary which offers the possibility to run simulation in a
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headless mode. That saves a lot of time because of the missing rendering time for the
user interface.

Altogether simulation assisted calculation might ease or even enable the estimation
of traffic states for complex transport networks and at least help to improve forecast
quality.

2 Data Sources

Data from various sources like detectors or actors are collected and processed by the
basic services of the management system VAMOS. Those data is transmit over various
physical interfaces e.g. copper, optical fiber or wireless. Each detector can have there
on physical address and data protocol so this is a very heterogeneous field in traffic
science. One task of VAMOS is the conversion of the received data into well-known
data formats to store it in several relational databases. For some detectors even a
continuous data stream is available, e.g. cameras or automatic traffic counters. That
kind of data is stored into memory caches and periodically transmit into database
tables. That means the information is available in the moment it is received but there is
some delay before it is stored in the database.

In cases of traffic micro simulations the clue is to send the collected informations
directly to it that means there is only very small time delay between the real measured
event in the field and the event in the simulation [3]. The next section will give a small
overview about the available traffic data sources and how to use them in a micro
simulation.

2.1 Traffic Volumes

For the whole city of Dresden an up-to-date traffic volume map is available which
represents information about the daily traffic volume and the percentage of heavy traffic
(Fig. 1) [4]. The traffic volume map provides no further information about the classi-
fication of the traffic volume into specific classes like cars, motorbikes or trucks.
Though, that information is important for the calibration of the simulation and for
reliable statements concerning the emission and the average speed in the SUMO net-
work model.

Moreover, the traffic volume map contains no information about the distribution of
traffic at intersections. For that reason the traffic surveys are carried out periodically to
determine these distribution values. The information about the current traffic load is
gathered by automatic traffic counters which can also be used to get knowledge about
the traffic distribution.

2.2 Traffic Lights

To model the behavior of the traffic light control it is necessary to correctly reproduce
the TLS program. Due to the fact that traffic light signaling differs in kind of control –
especially regarding the degree of dependency on traffic situation and data – several
approaches covering different cases have to be considered.
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The simplest case is a fixed time control. Here the main task is to define the
switching times for each signal group. This is typically done in TLS cycles where the
initial timestamp of the first cycle has to be valid so that there is no offset to the TLS
outside in the field. The more sophisticated case is the traffic actuated TLS control
whereas dynamic cycle times and traffic influenced green phases exists. Besides the
dependency on data about private traffic, controlling is particularly affected by input
from and about public transport and has therefore to be considered for reproduction.
For example, in Dresden more than 80 % of the TLS have the opportunity to interact
with the public transport. At the moment the implementation of traffic actuated signal
controls in SUMO is a complex and very time consuming process. The whole TLS
logic has to be implemented in SUMO because tools to import native TLS programs,
e.g. VS-PLUS are not yet available.

One approach to integrate the input values for the TLS control is the usage of
induction loops within the simulation. The data is then pushed to the TLS software
control influencing the simulated TLS. Another approach is to build up a hardware-in-
the-loop model. In this case an existing TLS hardware controller would be needed to
put the data from the simulation to the controller input unit. The hardware controller
generates signals for the TLS controlling which are pushed back from the controller
output unit to the simulation.

Both variants are not useful for huge networks, because all current TLS algorithms
have to be implemented either as part of the simulation or as specific model. Even the
detailed maps including detector locations have to be reviewed and to be integrated into
the simulation. Whilst execution of a simulation each single detector measuring value
has to be transferred in real time to be considered within this simulation cycle. That
means that various kinds of detectors like induction loops, cameras, traffic eye uni-
versals etc. have to be imported and calibrated correctly. A decision has to be generated
whether the detector works properly and no systematic failures (like interchanged
channel numbers for single induction loops) exist. Altogether, both approaches might
lead to highly accurate simulation, but are nevertheless not or hardly affordable.

Highest priority was given to the simulation of a traffic network rather than one
more exact copy of one single TLS controller. Thus, and because of the expected

Fig. 1. Part of a traffic volume map (format: daily traffic/percentage of heavy traffic)
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affords for the both approaches described above, another opportunity was taken into
account. The third approach is to capture only the exact signal states of the TLS con-
troller in the field and push them to the TLS in the simulation to override the state of the
default traffic signal control. In comparison to the previously described approaches the
third one demands a trustworthy simulation. This means the traffic volume and all
the physical parameters have to match precisely with the reality which is hardly to
achieve. In order to forecast the future signal states some algorithms for traffic actuated
controllers have been developed [7]. This information will also be pushed to the TLS
control in the simulation to get some information for some decision making processes.

2.3 Floating Car Data

In Dresden a fleet of 500 taxis collects floating car data. Position, velocity and an
occupied flag are recorded every 5 s. These data are used to determine the level of
service (LOS) for all parts of the entire traffic network. Several algorithms integrated in
VAMOS verify the generated LOS messages by comparing the FCD message with
other traffic detectors like automatic traffic counters [2].

Moreover, it is possible to generate highly accurate maps of the entire traffic
network. This depends on the accuracy of the GPS location and the frequency of the
GPS tracker signal. In Fig. 2 the GPS location points are connected so that a map
becomes visible.

These taxi FCD data can be used to validate the simulation findings. In cases of
inaccuracy within the simulated scenario the velocity can be adjusted to a lower or even
a higher value. Consequently vehicles on a specific link will be removed to dissolve

Fig. 2. Generated map based on floating car data
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traffic jams. Additionally the FCD data are suitable to decide whether the simulated
traffic works well or not.

These data can also be used to calibrate the driver model used by the simulation.
This can be done by analyzing the raw input material and as a result of a data fusion
with other data sources, e.g. traffic lights or traffic counters. So the values for car
following models like the Krauss model can be obtained.

2.4 Public Transport Data

In Dresden most of the TLS are influenced by public transport. In order to reproduce a
realistic behaviour of the public transport vehicles routes for busses and trams are
specified. Subways or light rails were not modelled because they do not interact with
the individual traffic on the roads.

The simplest approach is to use a fixed time schedule (accurate to a minute) for
public transport representing realistic traffic behaviour in a rough manner only. For
higher accuracy more information is needed, initially static information as the planned
arrival time (accurate to a second), detailed information about the speed profile of the
vehicles or the speed restrictions in front of curves or at tram switches.

Also information about the current location in association to the positions according
to the time schedule and the dwell time at the stops are necessary. For that purpose the
data of a special measuring tram which is part of the cooperation between public
transport operators and the Dresden University of Technology can be accessed.
Additionally information results from corresponding probes gathered for bus and again
tram lines with a mobile GPS logger. In summary, the first approach seems to be very
rough, but allows gaining information for a whole network with less afford. The
comparison to data of the additional information sources mentioned above results in
good average quality and accuracy for public transport in Dresden. However, users
have to consider that quality gathered according to the method of this first approach
may depend on the operational and quality management of the public transport aiming
to keep close to their time schedule. In case of special situations and therefore as
requirement for high quality traffic and transport management this approach might not
be suitable without restrictions.

According to the tasks in traffic management (e.g. management in case of large-
scale events and in case of incidents relevant to the transport network) and as a base for
high quality management the second approach deals with more situation depending
data. As additional input real time data from the local transport company (Dresdner
Verkehrsbetriebe) is available. This data is generated by an intermodal transport control
system (ITCS) which is based on an analogue radio system. By using a pull mechanism
the position of each bus and tram is captured every 15 s.

With this data more accurate information about the arrival and leaving times at the
stops is available. Furthermore incidents or the location of transfer synchronization
points can be identified. In a first implementation properties of both approaches have
been considered and integrated: Trams as well as busses are put into the simulation at a
specific time but already based on the information on the telegrams of the ITCS. In
future work the position of the public transport will be also controlled for the whole
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route by moving or teleporting forward or backward on the route. Also the routes of the
public transport should be able to be adapted because of special events like returning to
the depot or because of incidents in the network.

2.5 Parking Data

The information about the current load of parking lots in the city is available. The
management system also predicts a trend of the load for the next couple of minutes. At
the moment this data is not used because of the unnecessary parking events within the
simulation. Nevertheless this kind of data might be used in the future to simulate a
more realistic driver behavior which is based on dynamic data.

Another fact is a specific feature of the local Parking guidance systems of Dresden.
With use of a movable arrow the traffic can be influenced to use a strategic route to the
parking lots. The position of that arrow is controlled by the traffic management centre
that means the information is available and can be used for the simulation. The routes
of the traffic flow are calibrated with that data.

2.6 Rerouting Systems

To advise drivers of alternative routes over fifty variable message signs were installed
all over the cities road network. (Fig. 3) That signs are controlled by the traffic man-
agement system in order to react on incidents in the traffic flow. The decision to use a
specific road to a defined location is taken by implemented algorithms. The main idea is
to route the traffic strategically through the network to avoid traffic jams. Those route
decisions can be different from the routing algorithms of the individual navigation
devices of the drivers. This is because of the global optimization criteria of the algo-
rithm. On the other hand some traffic forecast information is available which is
unknown to the navigation device.

In the simulation the data is used to reroute the existing vehicles respectively to use
the routes for new vehicles.

Fig. 3. Variable message sign to advise drivers of alternative routes
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2.7 Camera Data

A lot of cameras distributed all over the city can be accessed by the management
system. Most of the cameras are installed at the traffic lights to work as an optical
detector for the TLS control. The video data will be used to validate the simulation
results. Due to the lack of tools for automated integration and as the process for
calibration of the image recognition is very time consuming, this validation is done in a
manual way as a first step.

In the future important image recognition algorithms for cameras exclusively driven
for traffic management might be calibrated for example to compare the current queue
length with the queue length in the simulation. The concept here is to compare the
queue tail of the simulation with the queue tail at the same time within the camera
image.

3 Real Time Simulation Setup

3.1 Building the Network

SUMO has already a tool to import OpenStreetMap (OSM) data, which is not suitable
for the road network of Dresden. Reasons are the low level of detail within the gen-
erated SUMO network, incorrect numbers of lanes per road section and incomplete
information about primary and secondary roads. Finally, the existing net model of the
traffic management system VAMOS was used as the base for a SUMO network. That
model is mapped in a MySQL database where the geometries of all elements are stored
in different tables. The VAMOS network model includes information about the
geometry of each lane, the edges and the intersections. Also the connections between
the lanes are available.

The task was to build SUMO shapes from the VAMOS geometries and import the
information about the connections between the edges. Because of the XML exchange
format of the SUMO net file, this task can be reduced to a simple conversion between
both data sources. The use of geometric simplify algorithms like the Ramer–
Douglas–Peucker algorithm is useful because the resulting simulation does not need
such a high accuracy for computation.

3.2 Access the Simulation

To handle and simplify the integration of several and different data sources a universal
interface is needed which can be accessed by several applications like the modules for
handling the detector data [8]. Another requirement is that the simulation should act as
a service which means that the simulation will not terminate to a specific time.
A suitable solution is a web service that interacts with SUMO and handles all con-
nections to the several clients. This service (TraCI as a service – TraaS) was fully
implemented in Java and is available on OpenSource Website. It is also available in the
contributed section of the current SUMO Release 0.19.0 The TraaS web service uses
the well-known Simple object access protocol (SOAP) instead of the TraCI byte code
and is based on a TCP/IP connection.
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In Fig. 4 the concept of the Web Service is shown. On the left side all input values
are pushed to the service and will then be forwarded to different instances of SUMO.
Those instance can represent different scenarios and forecast levels. It is easy to scale
up that process by adding more servers to the system or use concepts of cloud
computing.

4 First Results

In a first realistic simulation an arterial of Dresden including 15 traffic signals with
individual traffic as well as public transport vehicles was modelled [5]. By the help of
this model the advantages of the real-time I/O data interface are demonstrated. Other
works [6] dealt with the simulation of a single intersection, concentrating on the
emission output of vehicles depending on the traffic signal program. As measuring
emissions in practice is a real challenge, it is very helpful to have a simulation-based
assessment in order to choose the best suiting signal program to reduce these emissions.
An analysis of congestions in front of intersections, depending on the traffic signal
program, has also been carried out. Figure 4 shows, that video images and snapshots
from the simulation can be compared to verify congestions at an intersection.

Most of the gathered test series seem to have sufficient quality in representing the
real traffic situations and passed cursory plausibility tests. In Fig. 5 a comparison of the
simulated velocity and the real velocity of a taxi is shown. The route has a length of
approximately 9 km and various traffic adapted signal lights. At two discrete locations
the traffic volume is measured with automatic traffic counters. The behaviour of the taxi
driver in adapting the velocity is smoother. The opportunity to choose the maximum
acceleration or deceleration of the vehicle is not used so often in the real taxi because of
the forward-thinking behaviour of the driver. This driving style is also more com-
fortable for the passengers.

Fig. 4. System setup to interact with different instances of SUMO
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5 Conclusion

With the approaches described a first implementation of a real-time simulation based
on live detector data has been developed and tested. The developed real-time simu-
lations of specific traffic situations can be processed with SUMO very fast and offer the
possibility for many output options. This various output data can be used as a base for
extensive subsequent analytical processes. In order to predict the reaction of traffic
participants on the applied strategy, many simulations can be run in a parallel mode.

According to the positive first results and the benefits seen in additional simulations
one of the next steps should be the thoroughly analysis of data quality which can be
achieved by using SUMO real time simulation. For further use in daily operation users
and developers should be aware that data quality can be assumed as sufficient only
while measuring and passing comparison to detailed data of the real traffic network. For
that reason additional future tasks would be the definition of an initial calibration
process and for the ongoing quality management based on supporting points.

Using live detector data in SUMO at least offers numerous possibilities for traffic
analysis and, by the help of comparison, for the further development of the simulation
software itself. A further main aspect is the supported replication of the current traffic
situations by the simulation. Starting from that view it is particularly interesting to
compare the progresses within the real traffic network with the one in the simulation
environment. With the implementation and testing of real time simulation an essential
pre-condition for the application SUMO for a variety of new tasks and especially for its
integration into short term decision making processes has been carried out.

In particular, the potential for testing traffic management measures before applying
them to the field actuators and mainly the opportunity to analyze more than one single
traffic measure or more than one single strategy simultaneously or almost in real time
let expect new and important findings.

Currently Research engineers and students of the Dresden University of Technol-
ogy are working constantly on the improvement of that kind of real-time simulations to
ensure the quality and represent the reality as accurate as necessary.

Fig. 5. Comparison between video image and simulation snapshot
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Abstract. ITS Austria West is a long-term project, funded by the Austrian
government, to create a platform for providing real-time traffic data and prog-
noses. The calculation of the traffic situation is based on the open source package
SUMO (Simulation of Urban MObility). One innovation in this project is the
scenario builder, a module which maintains the origin/destination matrix and
aggregates data from various sources, like traffic counters and floating car data.
The simulation model is continuously calibrated in order to provide an accurate
view of the traffic situation in the whole street network. The calculated level-of-
service information is visualized and exported to other intelligent transport
systems. Due to the complexity of the model (streets, vehicles and real-time
data), the simulation’s performance is unsatisfactory. A possible improvement is
the parallelization of SUMO.

Keywords: Traffic simulation � Traffic condition � Parallel computing

1 Introduction

Predictably, the future Intelligent Transport Systems (ITS) will make a significant
contribution to secure our long-term mobility. Challenges facing such systems include
intelligent handling of the increasing traffic by use of efficient multimodal transport, as
well as the need to a balanced use of existing transport infrastructure. In this respect,
the availability of reliable real-time traffic information to all stakeholders (institutions,
companies and individuals) is necessary.

The project ITS Austria West aims at providing a traffic data platform which
generates accurate information regarding the current traffic situation, based on a
(limited) number of traffic data sources and on historical information regarding vehicle
trips on Upper Austrian roads. For the computation of current status of each road, as
well as for short-term prognoses, the traffic simulation package SUMO is used.

In this paper we describe the concepts of ITS Austria West and focus on the
integration of SUMO, and its results, into the real-time traffic data platform.

Section 2 contains an overview of the ITS Austria West project, its architecture and
short descriptions of the main components. In Sect. 3 we describe the integration of
SUMO package within ITS Austria West and give some technical details about our
approach to a parallel SUMO. Section 4 contains some ideas about consuming the
results – using the traffic information provided by SUMO to define level-of-service
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values that can be used to describe synthetically the current traffic status. We end with
some conclusions and future extensions.

2 ITS Austria West

The main goal of the project ITS Austria West is to continuously provide real-time
snapshots of the traffic situation in Upper Austria and Salzburg to the VAO service
(Verkehrsauskunft Österreich – Austrian Traffic Information System, [5]). Project
partners are the state Upper Austria, the state Salzburg, RISC Software GmbH,
Salzburg Research and Logistikum Steyr. The project is funded by the Austrian KLIEN
fond (“Klima- und Energiefond”) and by the Upper Austrian government. It started in
June 2011 and ends in September 2014.

The underlying street network is based on data provided by GIP [2] (“Graphen-
integrationsplattform”), a database which comprises all Austrian highways, interstate
and municipal roads, as well as local, low-ranked streets. The GIP database was created
in the frame of a previous project conducted by all nine states of Austria. This database
is intended as a starting point for many current and future applications.

In order to create a real-time snapshot for the state of Upper Austria, up-to-date
traffic data is crucial. Various data sources are utilized: stationary vehicle counters, as
well as floating car data (FCD).

2.1 ITS Austria West: Architecture

Conceptually, the software realizing the tasks of ITS Austria West consists of:

– components handling the sensor data;
– components for visualizing or publishing results;
– a simulation environment;
– a module in charge with generating and running scenarios, and
– a management component.

Figure 1 gives an overview of the system architecture, whose main components are
explained in the following paragraphs.

The controlling part of the ITS West Austria Management System is the man-
agement console, where all processes are created, parameterized and controlled.

The scenario builder, triggered by the console, is responsible for the periodic
creation of new scenarios, which serve as basis for the simulation of the traffic for the
next time interval. This complex component works with a model of the Upper Austrian
road network, and uses the real-time sensor data, together with the output of running
simulations, to generate periodically snapshots of the traffic status.

Computed values of the traffic status (summarized as level of services – LoS, see
[3]) are made available in various ways. An important outlet is a set of WMS layers
(web map service, see [4]), published and made available via a website: The roads with
delays or traffic jams are marked with standardized colors, as well as the portions with
road works or roadblocks.
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Since not all roads are covered by sensors, some way to extrapolate the known,
real-time traffic values to the uncovered streets has to be realized. We use traffic
simulation applications to estimate traffic values on all roads of the street network. The
simulation environment makes it possible to start simulations (SUMO, for the moment,
but other systems are under consideration as well), to communicate with them, and to
extract their results.

The sensor data module receives information from different types of sensors:

1. Vehicle detection loops (VDL) are stationary detectors which count the number of
vehicles and their velocity. About 80 vehicle detection cells, owned by the Upper
Austrian government, are installed on the main streets. Road maintenance data, also
owned by the Upper Austrian government, are used to detect streets with road-
blocks. Last but not least, the Austrian highway agency ASFINAG streams up-to-
date information for the 2.178 km Austrian highways.

2. Floating car data is provided by the Austrian emergency rescue service “Samar-
iterbund” (only from vehicles that are not in action), some taxi fleets and a
worldwide GPS tracking company.

The VLSA configuration contains locations of the traffic lights and the logic behind
their functioning. Based on the VLSA, the crossroads with traffic lights are identified
and integrated in the internal street network.

The demand model, i.e. the origin/destination matrix, is provided by the Upper
Austrian authorities and adapted using historical traffic data on Upper Austrian roads.
From the raw data collected from stationary sensors, time-variation curves with the
traffic values are computed and, based on these curves, the routes from the original
demand model are temporally distributed during one day. These routes serve as input
for the simulation tools.

Fig. 1. ITS Austria west management system: system architecture.
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3 Traffic Simulation

In order to fill up gaps in the network coverage with sensors, traffic simulation
applications offer an attractive alternative. Such applications, developed since the
1950s, can be classified in microscopic, mesoscopic and macroscopic.

In a microscopic model every vehicle is simulated. Such a model contains a
detailed street graph, with traffic lights and turn lanes, and a demand model – an origin/
destination matrix.

Mesoscopic models describe the traffic entities (roads and vehicles) at an equal level
of detail, but their behavior and interactions are described at a lower level of detail.

In macroscopic models all parts are simulated in a lower detail. Traffic flow values
are computed and maintained, rather than individual vehicles.

Main commercial providers of traffic simulation applications are PTV (with
VISUM), Aimsun, Caliper and UAF, but for development purposes, the free, open-
source simulation tool SUMO is among the most interesting.

The computation power of nowadays computers makes it possible to use micro-
scopic traffic simulation applications even for large-scale models, or real-life models.
These tools should provide the maximum level of accuracy in modelling and predicting
the values of traffic for whole geographic areas, during prolonged periods of time.

They come, however, with some challenges:

1. Modelling the road network: Problems arise from inexactitudes in data, and from
the tradeoff between the efficiency requirements (i.e., keeping the number of streets
as small as possible) and accuracy requirements (i.e., how well the road network
model represents the real street network).

2. Modelling the routes: The demand model provided by authorities becomes quickly
obsolete, due to the highly dynamical social and economic conditions in the
modelled region.

3. Inherent complexity of the simulation: Microscopic traffic simulation applications
handle every action of every vehicle, which might lead to millions of operations per
second.

3.1 Using SUMO for ITS Austria West

SUMO is an open source, microscopic simulation package developed by the German
Aerospace Center (DLR) in 2001. It is not only a traffic simulation, but rather a suite of
applications which help prepare and perform the simulation of traffic [1].

In order to be able to employ SUMO in ITS Austria West, a model of the road
network and a model of the trips (with the full definition of the roads for each trip) must
be available.

The road network is generated periodically from the latest version of the GIP
database. Additional information comes from the Upper Austrian traffic light system
and from the stationary vehicle sensors. With this input, a SUMO network is generated,
in which the roads, intersections, turning relations, traffic lights and vehicle induction
loops are modeled.
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The set of daily routes is computed in a complex process in which the trips
contained in the origin-destination matrix are distributed along the daily time variation
curves.

3.2 Simulation Run

In order to offer a realistic and useful view of the traffic status, periodical snapshots are
sufficient. Every few minutes traffic data collected from sensors or provided by a
simulation must be integrated into such a snapshot.

There are two ways in which a traffic simulation tool can be used:

1. The simulation application is started at the beginning of a time interval; it runs for a
time (5 min simulation time), and then exits. The output is collected and interpreted.
Figure 2 contains a graphical representation of this process.

2. The simulation application runs continuously. At the beginning of a time interval,
the next 5 min are simulated. When the simulation of this interval is completed, the
results are collected and, if necessary, the model is adjusted (calibrated) on-the-fly.
(A graphical depiction of this process can be seen in Fig. 3)

Regardless in which way the simulation is used, calibrations need to be performed
periodically. They might comprise vehicle re-routing, insertion of new vehicles or
removal of some vehicles already in the network. Also, the speed on some roads might
need to be changed, due to events which occurred in the reality.

It turned out that simply loading the whole model in SUMO takes prohibitively
long (about one minute or more). In the first, start-and-exit model, considerable time is
used up by initialization; even if the simulation runs exceedingly fast, too little time
remains for the tasks that need to be executed after the simulation has finished

Fig. 2. Running more instances of the simulation application, one in each time interval.
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(interpretation of results, aggregation of real-time data, generation of data for WMS
layers, preparation of data for the next simulation interval).

We decided to implement the second, always-running model.

Managing a Running SUMO Simulation. From the management console, an instance
of the simulation application is started and communication mechanisms are set in place.

We use TraCI (Traffic Control Interface) API to send orders to SUMO. For
extracting results, with the status of every vehicle currently running, and with the
statistics collected by vehicle induction loops, we use the socket-based dumping
mechanisms implemented in SUMO.

Figure 4 shows the activities taking place in the simulation and in ITS Austria West
during a time interval.

At the beginning of the interval, calibration orders are sent to SUMO via TraCI.
They are immediately followed by a “Simulate To” order, which commands SUMO to
perform a simulation up to the end of the current interval, in simulation time.

SUMO integrates the changes contained in the calibration orders (adding new
vehicles, removing or re-routing existing vehicle) and immediately starts to simulate
the traffic. When the end of the currently simulated interval is reached, SUMO puts the
traffic values on the dump socket and waits until next “SimulateTo” is received.

Ideally, SUMO finishes the simulation before the end of the current interval in real
time. If this is the case, the simulation management component is able to do its work;
the synchronisation of the simulation with the reality is possible.

The SUMO output is collected and interpreted by the simulation management
component of ITS Austria West. If it disagrees with the latest real-time data received
from sensors, new calibration orders are generated accordingly.

Fig. 3. Running one instance of the simulation application, with periodic calibration and output.
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More importantly, however, the output of SUMO can be used for the generation of
the traffic snapshots issued by ITS Austria West: For streets not monitored by vehicle
counters, or not described by floating car data – streets where the traffic situation is
otherwise unknown – we can use traffic values obtained from the simulation. The
integration of simulation data into the traffic snapshots is optional and can be turned on
or off in the management console.

We described above the use of SUMO in a real-time scenario. It should be men-
tioned, however, that ITS Austria West allows working with a simulation tool in
calibration mode as well, where synchronisation with the real time is not necessary and
historical traffic data, for each currently simulated time interval, are used instead of the
latest traffic data. The purpose of running a simulation in calibration mode is to obtain a
calibrated demand model. Expectedly, the traffic situation obtained by running simu-
lations with a calibrated demand model approximates better the situation on the roads.

3.3 Parallelism

In order to work in a real environment, the simulation must perform considerably faster
than real-time. Several tests have shown that the rush hours, in Upper Austria, cannot
be in fact simulated by SUMO faster than real-time.

The most immediate way to speed things up is the parallelization of the software.
To achieve this goal, the existing SUMO single-threaded calculation model need to be
reengineered and converted into a multi-threaded model, where the new positions of
the cars are calculated in parallel.

We describe in the following our experiments for parallel SUMO and conclude
with a few results. It will become apparent that a profound reengineering is necessary
in order to obtain an efficient version of parallel SUMO.

Fig. 4. Communication between SUMO and ITS Austria West.
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All technical details refer to SUMO version 0.17. In newer versions, names of some
functions mentioned here may have been changed.

For the simulation of the traffic in a working day, routes were generated according
to statistical data received from official, governmental institutions. In Upper Austria
only, the total number of vehicles driving daily exceeds one million. As expected, the
highest density of vehicles occurs during the rush hours – 5 to 9, and 15 to 19 – when
more than 100 thousand vehicles are simultaneously on the roads.

When given as input to Sumo, these routes lead to an unsatisfactory simulation
speed of the traffic, starting from 6:00am simulated time. The efficiency of Sumo
decreases steadily, reaching levels where the simulated time runs slower than the real
time.

This fact challenged us to look for ways to parallelize the heavy work load. A quick
profiling showed the functions in which Sumo spends most of the time, during an
internal simulation step (see Fig. 5). Further investigations revealed that the function
MSTLLogicControl::setTrafficLightSignals can be easily parallelized,
but for the other two relevant functions, MSEdgeControl::moveFirst and
MSEdgeControl::moveCritical, the parallelization is not trivial. Also, when
the number of routes starting in a small time interval is extremely high, the program
spends a significant amount of time in the function MSInsertionControl::
emitVehicles and therefore it also needs to be considered for parallelization.

Our first attempt at parallelization involved OpenMP and was a brute-force
approach. Steps in highest-level “for”-loops were executed in parallel; critical sec-
tions were defined to forbid concurrent access to data structures, if these data structures
were being modified from at least one thread. This approach, its shortcomings and
some results will be described in the next section.

All subsequent discussions refer to adapting and compiling SUMO within
Microsoft Visual Studio 10, on Windows 7 platforms.

Using OpenMP in a Minimally-Invasive Parallelization. In our first approach, we
used OpenMP directives to define code blocks executed in parallel. Where concurrent
access, especially in writing, was not desired, we defined critical sections.

The OpenMP standard provided by the C++ compiler in Visual Studio 10 does not
allow parallelization of “for”-loops where the loop variable is an STL iterator. Since
the main “for”-loops in the three functions mentioned above are driven by iterators
over STL containers, some artificial constructs are needed in order to use the OpenMP
“for” directive.

In fact, starting a parallel thread for each step of those for loops is not computa-
tionally efficient, due to the considerable overhead involved. We decided to split the
affected STL containers beforehand; each part is then processed in its own thread.

This simple strategy is clearly effective when the STL containers do not change
after initialization – like the elements processed in function MSTLLogic-
Control::setTrafficLightSignals. Here, a number of iterator domains are
defined on the container with traffic light logics, as soon as the initialization of this
container ends. Using OpenMP “for” directive, in MSTLLogicControl::
setTrafficLightSignals, each iterator domain is processed in a separate thread,
in which a local iterator runs over the current domain.
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The objects processed in the other two functions, MSEdgeControl:: move-
First and MSEdgeControl::moveCritical, are active lanes, i.e., lanes which
contain vehicles. Active lanes can be removed from this container in both functions;
lanes becoming active are added to the container in MSEdgeControl:: move-
First. A splitting strategy similar to that described above would need a re-computation
of the iterator domains at the end of each of these two functions, and would involve
essentially a sequential traversal of the container.

We use an alternative strategy, namely an array of STL containers. Each element of
this array is processed in a separate thread, started by an OpenMP “for” directive, in
both functions MSEdgeControl::moveFirst and MSEdgeControl::
moveCritical. Lanes which were not active, but in the current step contain vehi-
cles, are added after the parallel section of MSEdgeControl:: moveCritical has
finished; these new lanes are evenly distributed among the containers in the array.

Some internal data structures in classes MSVehicle, MSLane and MSLink are
accessed and modified from functions that may be running, at the same time, in

Fig. 5. The most important functions invoked in a simulation step, in SUMO.
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different threads. Since STL containers are not multithreaded-safe, mechanisms must
be provided to avoid multiple access. The first idea was to use again OpenMP direc-
tives, namely to define critical sections.

With an OpenMP “critical” directive, blocks of code are marked with a name
that identifies a critical section. If a thread gets hold of a marked block, any other thread
attempting to run a block marked with the same name must wait until the running block
is freed.

We defined a set of critical sections to restrict the access to internal data structures
for vehicles, lanes and links.

This approach has two important shortcomings:

1. The critical sections restrict access to portions of code, rather than to shared data.
As a consequence, processing the vehicles on a street in Berlin, for example, must
wait until the same kind of processing finishes the vehicles on a street in Leipzig,
although they can – and should – be processed in parallel without restrictions.
In other words, the threads must wait for one another although there may be no
reason to do that.

2. In every processing step (once every second simulation time) a number of threads
are generated – once in MSEdgeControl::moveFirst and once in
MSEdgeControl::moveCritical – and closed. While small, the involved
overhead is not negligible.

The alternative to critical sections is to define locks (by means of, e.g., mutexes) as
members of each instance of MSVehicle, MSLane and MSLink. Whenever a critical
structure is being accessed, the lock shall be activated; at the end of the processing, the
lock shall be released.

The conceivable overhead for this alternative is not negligible, both in memory
consumption and computation effort. Our first experiments revealed that, indeed, parall-
elization with locking objects defined for each element (lane, link, and vehicle) is even
slower than the sequential SUMO, and the memory consumption increases drastically.

OpenMP Parallelization: Results. In our tests we used a version of the modified
SUMO console application (version 0.16) adapted for 2, 4 and 8 threads: Two, four and
respectively eight iterator domains were defined for the traffic lights, arrays of con-
tainers with similar lengths for the active lanes. We ran this version on a computer with
four cores with hyperthreading at 3.4 GHz, and 8 Gb RAM.

For a moderately large network and set of vehicles, the best results were obtained
with the 4-thread parallel version. It finished the simulation in about 65 % of the time
needed by the sequential version. This network was randomly generated, with 150000
edges. The 20 000 routes were also randomly generated; the maximum number of
vehicles simultaneously on the roads was around 3500.

For a large network (whole Upper Austria), after the first 25 000 s, the 4-thread
parallel version took only 57 % from the time needed by the sequential version. The
maximum number of vehicles simultaneously on the roads was around 80 000; more
than 263 000 vehicles have been generated.

Parallel versions with two and eight threads proved to be less efficient. In the
2-thread version, the overhead did not pay off: the gain in efficiency, for the parallelized
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part, was too small. In the 8-thread version, the number of threads competing to execute
critical sections led to prohibitively long waiting times.

Exact results, with the time spent by SUMO in each relevant function, are shown in
Table 1.

Alternative Approaches to Parallelization. The brute-force parallelization is inher-
ently limited, if no additional information about the network and/or vehicle routes is
employed. Generating a number of threads in each simulation steps, threads that
afterwards compete to gain access to shared data structures, cannot lead to efficient,
scalable parallel versions of SUMO.

A more elaborate approach at parallelization should start by splitting the underlying
data structures using some topological criteria. From the original sets of roads, junc-
tions, traffic lights, etc., sub-networks should be defined. The number of connections
between different sub-networks should be as small as possible.

The simulation should proceed on each sub-network in parallel, so that each thread
runs its own simulation loop. Synchronization points should be defined, in order to
keep fast threads from running ahead. Also, vehicles that jump over sub-network
boundaries should be processed in a sequential manner: It must be ensured that no
multiple accesses to the data structures affected in this processing step occur.

It is clear to us that this approach requires a significant re-engineering of SUMO,
starting with a design oriented towards parallelism. While the foreseeable effort is
considerable, we are confident that a fully parallel, scalable version would provide the
efficiency needed to simulate large-scale, real-life traffic situations.

4 Project Outcomes

Based on the information available during a simulation run, the level-of-service (LoS)
should be calculated. The term “level-of-service” has been defined differently over the
time. The origin of this definition comes from the transportation planning in the U.S.,
where this notion was defined for the service quality of road infrastructure. The tra-
ditional level-of-service is available in 6 categories, from A (for free ride) to F (for
gridlock). The details are set out in the Highway Capacity Manual [3]. In Europe
usually only the traffic-light colours are used (green: free travel, orange: slow-moving
traffic and red: traffic jam). Additionally, the colour Black can represent gridlocks.

In our case, the level-of-service is extracted from traffic information associated to
relevant edges: To every edge of the road network with a computed density of traffic
(either from real-time data or from SUMO), a level-of-service is assigned.

The image in Fig. 6 shows the LoS information generated from a SUMO instance,
without real-time data, using MapWindow (an open-source GIS) to display the relevant
data.

Eventually, a public web site shall exist where the information shall be provided by
means of web map service (WMS) layers, one for each LoS degree. A mobile app,
developed for a large range of mobile devices, will integrate the WMS and background
(e.g. Google Maps, OpenStreetMaps) layers. Figure 7 offers a preview of the web site.
The road works and roadblocks are also visible.
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Table 1. Time spent by SUMO in the most relevant function, in a processing step.

Random network
(150 000 edges
20 000 route)

Upper Austria
(180 000 edges,
1 200 000 routes)

Sequential After 13600 steps and 182.661 seconds:

Timestep Events: 9.012 seconds 

setTrafficLightSignals: 35.213 seconds 

patchActiveLanes: 0.041 seconds 

moveCritical: 33.23 seconds

moveFirst: 39.986 seconds 

changeLanes: 0.003 seconds 

loadNext: 2.005 seconds

emitVehicles: 2.148 seconds 

checkInsertion: 0.002 seconds

After 25000 steps and 1128.699 seconds:

Timestep Events: 13.493 seconds 

setTrafficLightSignals: 62.747 seconds 

patchActiveLanes: 0.128 seconds       

moveCritical: 348.401 seconds 

moveFirst: 426.741 seconds 

changeLanes: 95.919 seconds 

loadNext: 17.874 seconds 

emitVehicles: 34.950 seconds 

checkInsertion: 20.176 seconds

Parallel (2 threads) After 13500 steps and 152 seconds:

Timestep Events: 10.169 seconds

setTrafficLightSignals: 29.004 seconds

patchActiveLanes: 0.04 seconds 

moveCritical: 24.438 seconds

moveFirst: 30.979 seconds 

changeLanes: 0.009 seconds

loadNext: 2.103 seconds 

emitVehicles: 2.322 seconds 

checkInsertion: 0.002 seconds

After 25000 steps and 820.784 seconds:

Timestep Events: 14.775 seconds 

setTrafficLightSignals: 40.176 seconds 

patchActiveLanes: 0.126 seconds     

moveCritical: 231.840 seconds 

moveFirst: 257.587 seconds 

changeLanes: 102.652 seconds     

loadNext: 18.569 seconds     

emitVehicles: 34.468 seconds 

checkInsertion: 22.728 seconds

Parallel (4 threads) After 13500 steps and 119.1 seconds:

Timestep Events: 9.085 seconds

setTrafficLightSignals: 21.673 seconds

patchActiveLanes: 0.036 seconds 

moveCritical: 15.3 seconds

moveFirst: 18.19 seconds 

changeLanes: 0.009 seconds 

loadNext: 2.01 seconds 

emitVehicles: 2.249 seconds 

checkInsertion: 0.001 seconds

After 25000 steps and 649.733 seconds:

Timestep Events: 13.687 seconds 

setTrafficLightSignals: 25.024 seconds 

patchActiveLanes: 0.113 seconds     

moveCritical: 174.939 seconds 

moveFirst: 173.349 seconds 

changeLanes: 103.212 seconds     

loadNext: 18.653 seconds     

emitVehicles: 34.901 seconds 

checkInsertion: 23.766 seconds

Parallel (8 threads) After 13600 steps and 133.35 seconds:

Timestep Events: 9.87 seconds

setTrafficLightSignals: 26.465 seconds

patchActiveLanes: 0.034 seconds 

moveCritical: 19.78 seconds

moveFirst: 26.96 seconds 

changeLanes: 0.011 seconds 

loadNext: 2.391 seconds 

emitVehicles: 2.951 seconds 

checkInsertion: 0.006 seconds

After 25000 steps and 798.479 seconds:

Timestep Events: 15.934 seconds 

setTrafficLightSignals: 33.021 seconds 

patchActiveLanes: 0.129 seconds     

moveCritical: 209.453 seconds 

moveFirst: 236.049 seconds 

changeLanes: 144.329 seconds     

loadNext: 23.945 seconds     

emitVehicles: 43.803 seconds 

checkInsertion: 30.203 seconds
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Fig. 6. LoS mapping in an open-source GIS.

Fig. 7. Preview of the web page with WMS layers offering the LoS for Upper Austrian roads.
The background is obtained from OpenStreetMaps.
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5 Conclusions and Future Work

In this paper we described a system that employs SUMO as a core simulation system
for computing short-term traffic data starting from a given traffic situations and a
dynamically adjusted demand model. The traffic status at the end of the simulation is
adjusted with real-time data coming from networks of sensors and stands as basis for
the next short-term simulation.

For the street network of Upper Austria, and for real-life scenarios, the efficiency of
SUMO decreased below real-time. We described in Sect. 3.3 our attempt at paralle-
lizing SUMO. While imperfect and, in fact, not efficient enough, our parallel-SUMO
prototype showed that the multithreaded approach yields significant speed
improvements.

We described how SUMO is currently used in ITS Austria West, synchronized with
the real time; we intend to use SUMO for a short-term prognosis, in which the next
30 min, or more, are simulated. This prognosis will be used to study the effect of
various changes in the street network, coming from e.g. accidents, road works, or
different speed limits.

To improve the quality of the prognosis, the existing sensor network will be further
expanded, which should lead to a faster recognition of traffic disruptions. The generated
real-time traffic condition is considered as a basis for a dynamic traffic information
system and adaptive traffic control systems.
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Abstract. SUMO is an open source microscopic road traffic simulation devel-
oped at the German Aerospace Center since the year 2000. The major audience is
the traffic research community. This article tries to answer whether SUMO got
accepted, who uses it, and for which purposes. The investigation is performed
based on a collection of scientific publications that name SUMO. The documents
contained in this collection were bibliographically annotated and classified using
three different classification schemes. The investigation reveals an increasing
usage of SUMO by a growing, international community. It shows that SUMO is
mainly used in the scope of research on vehicular communications.

Keywords: Simulation system � Applications � Bibliography � Faceted
classification

1 Introduction

“Simulation of Urban Mobility” (SUMO, [1, 2]) is an open source road traffic simu-
lation package that is continuously developed since the year 2000. It simulates how
individually described and processed vehicles move along streets of a given road
network model, regarding maximum velocities, road use restrictions and right-of-way
rules at passed intersections. SUMO supports a large set of models for the vehicles’
longitudinal behavior – so-called car-following models – as well as for lane changing.
It allows to model different vehicle types that differ in length, maximum velocity,
acceleration and deceleration possibilities, pollutant emission behavior, etc. Modelling
public transport is supported as well. Besides vehicles and the road network, the
simulation can handle additional infrastructure facilities, such as traffic lights that
support different standard actuation algorithms, bus stops, or simulated detectors of
different kind.

The simulation itself is accompanied by several further applications that allow
importing and generating road networks for the simulator, as well as tools for gener-
ating the vehicles to simulate and/or computing their routes based on different methods
and paradigms. The simulation package includes a simulation application with a
graphical interface. The other tools contained in the package have to be started and
configured via the command line. SUMO is mainly developed at the Institute of
Transportation Systems at the German Aerospace Center and is licensed under the
GPL. The motivation for making the software available under an open license was to
support the traffic research community with a common test bed for models and solu-
tions under development. The first public version was released in 2002.
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As indicated by this short summary, a feature-rich application system has been
developed over a long time span with frequent publicly available updates. But, is
SUMO a success story? Has it found its acceptance and what is it used for? Who uses
it? These questions are tried to be answered in the following by evaluating scientific
literature that cites SUMO. The investigations presented here are based upon the work
reported in [3], extending it by further evaluations and explanations.

Section 2 outlines the used methodology of this investigation. Section 3 presents
the documents collection, describing how it was generated and discussing its coverage
and quality. The applied faceted classification is presented in Sect. 4. The results of
evaluating the annotated collection are given in Sect. 5. This report ends with a
summary.

2 Methodology

Often, the popularity of a software package is measured using its download numbers.
This indicator has some drawbacks, mainly because it is not known whether a human
being or a software robot downloaded the software and for which purpose. This at least
counts for unrestricted downloads as used for SUMO deployment. Other systems that
ask the downloader to register before downloading could have been used but were
dismissed for SUMO. Shortly after being released for the first time, SUMO could have
been found on several open source download portals, additionally blurring the available
download statistics.

Of course, other sources of information exist. Most of the communication between
SUMO users and developers takes place via mailing lists. But it is known from
observation that some users were able to use SUMO in their research without ever
occurring on the mailing list. One could as well use usual web page popularity mea-
surement techniques, such as access counters, URL evaluation, Google rank etc. In
fact, none of these methods were applied to SUMO’s web presence. Further web-based
tools that could be evaluated (wiki, bug tracker, blog) were introduced incrementally
over SUMO’s development time. Therefore, they do not cover the first years of
SUMO’s availability.

But when reminding what SUMO was designed for – to support the traffic research
community with a common test bed for models and solutions – a further source of
information gets available, namely scientific reports (“publications”). The scientific
community usually publishes new results (albeit usually only reporting about suc-
cessful research) as printable documents – either monographs or parts of a collection,
such as a journal or the proceedings of a conference. The copyright usually allows to
include these documents on own web pages where “own” usually denotes the orga-
nization the authors belong to. Such publicly available documents are usually given as
PDF files for download. Due to being available publicly and because the full text can
usually be extracted from such documents, they can be found using web search
engines. The major advantage of using scientific reports is the possibility to extract a
large set of different information, including the topic of the work, the authors, the time
of being published, to name a few. This goes far beyond pure counting of a certain
event like a download.
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One could be attempted to assign the work presented here to a scientific method-
ology. In principle, two methodologies are used. The first is “citation analysis”, here
based on bibliographic references generated for the used documents’ collection. One
should note that all types of naming SUMO in scientific literature are used instead of
tracking citations of one or a set of documents, The second methodology applied in this
research is a “biographical classification” using a faceted classification.

3 The Documents Collection

The evaluation of scientific literature on SUMO presented herein is based on a set of
documents, named “the collection” in the following. Besides the documents them-
selves, the evaluation relies on the bibliographic references that represent the collec-
tion’s documents. The following sub-sections present and discuss the collection,
starting with a description about how it was generated. Whether the collection includes
all documents that name SUMO or at least is a statistically valid sample of this set is
discussed afterwards. The overview of the collection closes with a discussion of the
correctness of the bibliographic references.

3.1 Building the Collection

Most of the documents were obtained by searching the web using Google [4] and other
web search engines. The search was performed between the years 2002 and 2012
repeatedly, albeit spontaneously and not following any fixed frequency or any certain
event. Usually, combinations of terms such as “SUMO”, “traffic simulation”, or
“Simulation of Urban Mobility” were used. Often, the term “Krajzewicz” was added, as
none of the previously named search terms references to the object of research only. In
all cases, the results retrieved from search engines had to be filtered. Mainly, because
the results always contain links to web resources that do not deal with the SUMO traffic
simulation at all. But additionally many links point to documentation pages, download
portals, or other projects that cite or use SUMO and which are of no value for the
investigation presented here.

For the so collected documents, the bibliographic information was obtained. Ini-
tially, this was done by searching the web for respectively given references to the
publication and using those. To obtain the references of later (starting in 2011) gathered
documents, Google Scholar [5] was used as well. In these cases, the title of the
publication was used as the search term1 in Google Scholar. From the results, the entry
with the same title and the same authors as the original document was chosen. No
ambiguities were observed during this process. In both cases, the references were
stored in a BibTeX-database [6, 7].

Starting in 2011, additional Google Scholar “alerts” [8] have been used to get
informed about new publications that cite SUMO. When established, a Google Scholar
alert sends mails to its owner as soon as Google Scholar receives a new document

1 Not as “exact search”.
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containing certain key words. Two alerts were set up, one tracking the search terms
“‘traffic simulation’ SUMO”, and one tracking the term “Krajzewicz”. The links sent
by Google Scholar often point to digital library portals, such as Springer Link [9], IEEE
Xplore [10], ScienceDirect [11], or ACM Digital Library [12]. Usually, these portals do
not only allow to download the publication itself but also its bibliographic information.
In such cases, the bibliographic information was directly stored as a BibTeX-entry in a
BibTeX-database. In cases where Google Scholar pointed directly to a PDF (the
document itself), the bibliographic information was determined as outlined before for
the documents collected using web search engines.

After presenting [3], the database was tried to be enriched by further documents.
The major source were Google Scholar alerts defined as described above. Additional
searches via web engines were performed as well. In sum, 45 documents were obtained
that were not yet in the collection. Almost all of these documents are from 2012, only
one from the year 2010. This yields in an imbalanced view, at least regarding the
development of the publication number.

The resulting artefact is a BibTeX-formatted bibliography of papers that cite
SUMO, each described by its BibTeX-entry and linked to the documents. This bibli-
ography was cleaned. One may note that both the initially used search terms as well as
the Google Scholar alert terms already force the retrieval of documents written in
English language. Albeit some documents in other languages were collected, only
English and German documents will be regarded in the following. Documents that
were written by core developers of SUMO2 only were excluded from the collection as
well, following the wish to determine the external user’s acceptance and work topics.
Entries that lacked the information about the publication year or which full texts could
not be obtained were also dismissed. The resulting set includes 396 publications.

3.2 Coverage

It can hardly be answered whether the collection is a valid sample in means of rep-
resenting the set of all publications that cite SUMO correctly. The results presented in
the following match the observations done while following discussions on the mailing
list as well as during personal talks with SUMO users. In addition, the documents were
collected using unbiased search terms, concentrating on finding information about the
traffic simulation SUMO only, not a certain usage modality or topic.

One could as well ask whether all groups or persons that use SUMO, cite it and
whether they should do it. SUMO is often used as a part of multi-simulator middleware
architectures, such as “Veins” [13], “MOVE” [14], “VSimRTI” [15], or “iTETRIS”
[16] and some publications are known where SUMO was used, but the middleware is
named only. As most of such middleware solutions were developed for simulating
vehicular communications, one could assume that SUMO is used within this research
topic even more often than shown in Sect. 5.5. With an increasing maturity of these

2 Laura Bieker, Yun-Pang Flötteröd, Michael Behrisch, Jakob Erdmann, Peter Wagner, and Daniel
Krajzewicz.
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tools, one should as well expect that the components they use, such as SUMO, will be
named less and less often.

It is not common to cite a used tool. It is a good practice nonetheless as it helps in
understanding the results given in a publication by knowing the used models. As
SUMO is continuously developed and changes its behavior between versions, one
should name not only SUMO itself but the used version as well, in fact.

3.3 Bibliographic References Quality

As stated, the collection is stored as a BibTeX-database. The major attribute of a
BibTeX-entry is the publication type, which determines which further attributes must
be given for the according BibTeX-entry. BibTeX distinguishes between publication
types such as Master thesis, PhD thesis, “inproceedings”, book, or article. From Bib-
TeX, the investigation presented here uses the attributes “title”, “author”, “year” as well
as the publication type itself.

The BibTeX-descriptions obtained from library portals are of good quality,
including all needed information and without any obvious errors. The bibliographic
information from Google Scholar was often erroneous. Both, Master and Doctoral
theses were often not assigned to the proper BibTeX-type. This was corrected manually
as long as the correct type could be determined. Often, the publication year was not
given or one could find the name of a month in the according field, instead. This was
corrected manually, but the information could not be found for six documents.

Another attribute that was expected to be problematic were the author names. Dots
were missing at the first name abbreviations, non-Latin characters as German “Um-
laute” (“ä”, “ö”, or “ü”) were encoded in different ways, first names were only
sometimes abbreviated, and middle names not always given. This was corrected by
inspecting similar names manually and putting them against other available informa-
tion, such as the organization the author(s) belong to. It is assumed to be not reliable to
100 % (Table 1).

4 Faceted Classification

Each of the entries included in the collection was annotated by further attributes
(predicates) that are not a part of the common BibTeX-notation. These attributes assign

Table 1. Summary on the collection’s bibliographic references issues

Property Value

Document number 396
BibTeX: type Is mandatory in BibTeX, but is probably not correct

for many of the documents as discussed
BibTeX: Year Assumed to be correct
BibTeX: Journal/BibTeX:
Booktitle

Assumed to be incorrect and complicated and time
consuming to be corrected; neglected

BibTeX: Authors Assumed to be correct to a large degree
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each document to classes that belong to three independent classification schemes. The
annotation was done using JabRef [17], an open source literature management appli-
cation that natively works with BibTeX-files. The following classification schemes
were used: (1) SUMO’s role in the reported research, (2) the topic of the publication,
and (3) organization(s) the author(s) belong to. They will be discussed in the following.

(1) SUMO’s role in the reported research
The first classification scheme distinguishes between the role of SUMO within

the research presented in the respective publication. The following classes are
used: “mentioned”, “used”, “extended”, and “contributed”. “contributed” is a sub-
set of “extended” and is not used in the following. Each document is assigned to
exactly one of the remaining three classes of this classification scheme.
The classification is assumed to be valid to a high degree. The classes were

defined before classifying the documents.
(2) The topic of the publication

The second classification scheme tries to sort the publications by their main
research topic. It should indeed be named as a “try”, as it is semantically the most
weak one of the used classification schemes. The main motivation behind this
scheme was to quickly recognize in which scientific area SUMO is used or
mentioned. In several cases (see Fig. 3), a document was assigned to more than
one topic. Examples may be presentations of architectures for simulating vehic-
ular communications which include descriptions of additionally developed com-
munication models (a protocol, e.g.) as well as the evaluation of an ITS solution
that uses the simulation system presented beforehand. Such a document would be
assigned to the subtopics “simulation software”, “routing protocols”, and
“applications” of the major topic “V2X”.
Although several use cases for SUMO were known before classifying the

collection documents, the topics were not defined a priori. Instead, new topics or
sub-topics were added during the classification process when needed. After
classifying all of the collection’s documents, the topics were revisited for bal-
ancing them, mainly by joining less occupied topics into classes named “other” at
different depths of the topics tree. It should be noted that the chosen topics, sub-
topics as well as the terms used to describe them are surely dictated by the
author’s experience.

(3) Organization(s) the author(s) belong to
Finally, the organization or the organizations the authors of a publication

belong to was determined. This was almost always possible using the information
contained in the document itself. The classification is hierarchic: on the first level,
the country an organization is located in is used. On the second level, the orga-
nization – mostly a university – is given. On the third level, if available, the
department or the institute is used. For five publications, it was not possible to
completely assign the authors to institutes. These publications were assigned to
the class “unknown”. Three reports, all from projects co-founded by the European
Commission, are not indexed within this classification, because the organizations’
their authors belong to are given as abbreviations only.
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5 Evaluation

In the following, the collection’s properties are presented. The evaluation was done
using the Python [18] programming language and the matplotlib [19] module for
visualization.

5.1 Titles

A very coarse, statistical view at the titles, shown in Fig. 1, already implies what will be
discussed in Sect. 5.5 about research topics of the collection: the dominance of research
on vehicular communications.

For ignoring the inflexion of words their stem was determined using Porter stem-
ming [20, 21]. Word stems obtained from the Porter algorithm are usually pruned so
much that no real English word is obtained. Therefore, instead of the stem itself, the
shortest complete word that was found within the titles was used. To obtain Fig. 1, the
resulting list of occurrences per word was visualized using WordleTM [22]. For
stemming, the Python Porter stemming implementation from Vivake Gupta and Danny
Yoo was used [23].

5.2 Development Over Time

Figure 2 shows the development of the annual publication number over time, distin-
guishing the publications’ BibTeX-types. The overall development shows a fair
increase over the years, albeit with some dents. The publication types were used even
though they were reported to be erroneous to show the remarkable amount of theses.

As discussed, the large amount of publications from 2012 is assumed to be an
artefact resulting from additionally incorporating Google Scholar since 2011. It is
assumed that more references are stored in Google Scholar, but only recent publications
are returned.

Fig. 1. Frequency of words within the collection’s titles, generated with WordleTM.
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5.3 Authors and Authorship

The publications are authored by 936 persons in sum; the development is shown in
Fig. 3. In this Figure, “all” denotes the set of all authors that have co-authored a
document in a given year. “new” is a subset of “all” that contains authors who have not
(co-)authored an earlier publication. “single” is a subset of “new”, which contains
authors who have contributed to one publication within the collection only.

Albeit the number of “all” authors is growing, the majority of the authors has
participated in one publication only. This could be interpreted as a minor acceptance,
but is rather supposed to have its reasons in a high number of co-authors. Often, a
document describes a larger project and only few of the documents’ authors have used
SUMO by themselves.

5.4 SUMO’s Role

The manual classification of documents by the role of SUMO within the reported
research is maybe the best indicator for SUMO’s acceptance in the scientific

Fig. 2. The development of publications over the years, divided by publication type.

Fig. 3. The development of authors over the years, classified by the continuity of their
publications from the collection.
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community. As shown in Fig. 4, not only the number of documents that report about
using SUMO is increasing over time, but also the percentage of such documents. In
parallel, the percentage of documents where SUMO was mentioned is decreasing even
though their absolute number is relatively constant.

Also remarkable is the almost constant percentage of documents where extensions
to SUMO are reported. In 2008, the application control interface “TraCI” was intro-
duced which allows an on-line interaction with the simulation. As SUMO can be
controlled by an external application via TraCI, one could assume a reduction of
extensions to SUMO since that time. But such a reduction can neither be observed in
the absolute numbers nor within the percentages.

5.5 Research Topics

As described in Sect. 4, a document may be assigned to more than one research topics.
Figure 5 shows the co-occurrence of topics. Topics which do not occur in combination
with other topics are not shown, herein.

Fig. 4. Role of SUMO within the evaluated publications. Top: absolute numbers, bottom:
percentage, both along the years.
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The development of the topics addressed within the collection over time is shown
in Fig. 6. Clearly evident is the domination of documents which describe work on
“V2X”. In sum, about 70 % of the documents from the collection were classified into
this topic. About 12 % present work on “mobility models”. “traffic management” was
addressed by about 10 % of the publications and “other” is discussed in about 8 %.

The dominance of V2X research within the SUMO user community was already
observed and reported in [1] and the evaluation of the topics proves it. It may be also
noted, that, vice versa, SUMO is the most often used traffic simulation tool in V2X
research, as reported in [24]. The reasons can only be guessed. The first documents
targeting this topic occur in the year 2005. One of those, “MOVE: A MObility model
generator for VEhicular network” by Feliz Kristianto Karnadi, Zhi Hai Mo, and Kun-
Chan Lan [25], may be the reason for SUMO’s prominence in this research field. [25]
presents “MOVE”, a complete system for generating vehicular traces that can be used
in the ns-2 simulator, which was state-of-the-art for communication simulation at that
time. Screenshots of different scenarios show the system’s variability in use. Whether
[25] was the seed to SUMO’s popularity within the research on V2X or not, may be
provable by evaluating the citations of following papers, trying to determine how often
[25] is cited. This was not done so far.

As “V2X” covers about 70 % of the publications, its sub-topics may be investigated
using the same approach. Figure 7 shows the development of sub-topics of “V2X”
along the years. The overall frequencies of “V2X” sub-topics are as following:

• simulation packages: 28.6 %
• routing protocols: 26.5 %,
• applications: 22.4 %,

Fig. 5. Co-occurrences of topics within the collection. Topics with no co-occurrence are not
shown. The abbreviations are: MM: mobility models, TM: traffic managements.
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• PHY/MAC and mobility models: 5.1 % each,
• Other: 12.2 %.

It is interesting to note that “simulation packages” – presentation of tools for research –

is dominant to such a high degree. On the other hand, one should take into regard that
the presentation of a “simulation package” occurs often in combination with some
further evaluation of V2X functionality, may it be a “routing protocol”, or an “appli-
cation”, see also Fig. 5. Nonetheless, the author finds the number of reports on
“simulation packages” quite high. Whether such “simulation packages” find their way
into a broader use, or are only used once, and whether the necessity to develop new
ones exist, given the high number of existing ones, is matter of a different kind of
research.

A promising fact is the increase in using SUMO for evaluating V2X-based
applications, as in most cases, such research requires a joint operation of a traffic
simulation and a communication simulation, usually employing a middleware instance.
The increase of publications on this topic shows that available middleware solutions are

Fig. 6. Development of the publications’ major topics. Top: absolute numbers, bottom:
percentage, both along the years.

Fig. 7. Development of the publications’ sub-topic within the “V2X” topic. Top: absolute
numbers, bottom: percentage, both along the years.
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accepted and can be used for scientific work. Within the work on “routing protocols”,
SUMO is usually used to generate vehicular “traces” only, which are then exported into
a format readable by the used communication simulator.

The document sets of the remaining major topics are too small for a meaningful
insight into the development over time. Figure 8 shows the distribution of the sub-
topics within the major topics “mobility models” and “traffic management”. Further
subdivisions are not represented due to the low number of documents that were
assigned to them.

5.6 Countries and Organizations

The categorization into the institutions the authors belong to is shown on the top-most,
national level only, herein. Figure 9 shows a matrix of international co-authoring of the
collection’s papers, whereas Fig. 10 shows the numbers of publications per country.

Fig. 8. Subtopics and their relative frequency for the topics “mobility models” (left) and “traffic
management” (right).

Fig. 9. Co-occurrence of countries within the collection.
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6 Summary

A collection of documents that name the traffic simulation SUMO was evaluated. The
major interest was in determining whether SUMO got accepted by the scientific
community, who uses it and how. For obtaining the presented results, the documents’
bibliographic references as well as a manual classification performed on the documents
were.

Different views on the collection were presented. The evaluations show the pro-
gress of using SUMO, the major topics it is applied for, and other aspects. Summa-
rizing, it is possible to state that the number of publications increases and that no hints
for a change in this development are visible. SUMO itself is accepted as a tool useful
for research, indicated by the growing number of publications that report its usage. The
researches which cite or use SUMO come from all over the world, albeit European
countries and the USA dominate. Research on vehicular communication is the major
application topic to be found within the papers and, if extrapolating the numbers, one
should assume that it remains at this position for the next future.

The shown distributions and developments over time are a coarse look at the data
set only. One could think of other evaluations and according visualization. In addition,
further classification schemes could be used, such as features of the simulation, char-
acteristics of used scenarios, the used references to SUMO and many more. Such
extensions of the database may be performed in the future.

As one could assume, the collection itself is of a high value, pointing to already
done, classified work, or to parties working on certain topics. Nonetheless, the work on
the collection – collecting, scanning, reading, and classifying the documents – gave
probably more insight and surprises than a view on the finished collections as presented
here.

Fig. 10. The number of publications per country.
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