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Abstract. The individual behavior of drivers has a significant influence
on the characteristics of vehicular transportation systems such as safety,
capacity or traffic flow. Apparently, considering such behaviors in the
scope of microscopic traffic simulations is inevitable in order to accom-
plish simulations close to reality. In recent years, considerable efforts have
been put into modeling longitudinal and lateral movements of vehicles or
their lane-change behavior, respectively. However, sometimes it is nec-
essary to deviate from the standard behavior prescribed by these mod-
els in order to study the effects of exceptional situations in road traffic
such as sudden braking maneuvers. This paper addresses this specific use
case by introducing a generic behavior injection model, allowing for the
integration of predefined driver behaviors into microscopic traffic simula-
tions. Furthermore, it enables the reconstruction of real traffic scenarios
by incorporating data gathered from vehicular measurement campaigns.
The result is a simple, yet flexible model applicable to a wide range of
microscopic traffic simulators.

Keywords: Microscopic traffic simulation · Driver behavior · Computer
modeling

1 Introduction

The area of traffic simulation has gained more and more importance in recent
years, playing a crucial role in the development of technologies and applica-
tions designed for Intelligent Transportation Systems (ITS). Simulations are a
widespread and frequently used tool to model complex transportation networks
and to investigate scenarios that cannot be studied in a real experiment or
by any other analytical method. Throughout the years, numerous simulation
frameworks have been developed by researchers in the field, designed for the
simulation of vehicular traffic at different levels of abstraction [1–5]. In contrast
to macroscopic simulators, which describe entire traffic flows in their collectivity,
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microscopic traffic simulators provide the highest level of detail, as the move-
ments of every single vehicle and its characteristics are modeled individually.
Frameworks belonging to the class of the latter make use of a variety of mod-
els which encapsulate single tasks of the driver, including but not limited to
behavioral models, such as lane-change models and longitudinal models, and
fuel consumption models.

In the last decades, considerable efforts have been put into modeling driver
behavior in various aspects, resulting in a vast number of behavior models avail-
able in literature (e.g. [6–15]). Although most of these models describe vehicular
traffic adequately, they do not allow for simulating situations that deviate from
their prescribed behavior. This, however, is sometimes useful, if not required,
especially when studying the effects of exceptional situations in road traffic such
as sudden braking maneuvers or the impacts of individual driving behavior on
both traffic flow and safety.

In order to overcome this deficiency, we introduce a generic behavior injec-
tion model, which is capable of enriching microscopic traffic simulations by a
number of predefined, customizable driver behaviors. Furthermore, it allows for
the reconstruction of real traffic scenarios by integrating data gathered from
vehicular measurement campaigns or driving simulator studies such as speed
or acceleration traces. The model makes use of a flexible and decoupled data
structure, allowing for a straightforward extension and modification of the very
same.

The remainder of this paper is organized as follows. The next section gives an
overview of related projects in the scope of this work. In Sect. 3, the developed
behavior injection model is introduced, including a detailed description of its
individual components and their interactions. Subsequently, we demonstrate the
model’s applicability by integrating it with the microscopic traffic simulator
TraffSim [1]. Section 5 concludes the paper and gives a short overview of planned
future work.

2 Related Work

The importance of microscopic traffic simulation and driver behavior modeling in
particular is increasing continuously. Starting already in the 1960s, a multiplicity
of behavioral models have been developed for that reason. While several models
have been proposed allowing for the accident-free simulation of vehicular traffic
under idealized conditions (e.g. [6–8]), others incorporate behavior such as a
delayed response (e.g. [9–11]) or perceptual limitations (e.g. [12]) in order to
model the impacts of human driving on traffic flow to a more copious extent.
Additionally, various models try to capture the dynamics concomitant with lane-
changes, e.g. [13–15]. Due to the ever growing demand for a even more realistic
simulation of vehicular traffic, several efforts have been put into the coupling of
traffic simulation frameworks and driving simulators in recent years. All these
systems aim for integrating specific driving behavior with microscopic traffic
simulations for the purpose of investigating scenarios that cannot be captured
by the standardized behavior predetermined by general simulation models.
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On that account, several attempts were made to integrate a driving simulator
with commercial traffic simulation tools such as Paramics [16] and VISSIM [17],
e.g. in [18–21]. Similar systems have been proposed by [22–24], who integrate the
driving simulation engine SCANeR

TM
with the microscopic simulator Aimsun

[25]. Maroto et al. [26], for example, proposed a micro-simulation model with a
user-driven vehicle surrounded by simulated traffic.

The possibility to control a subject vehicle externally using driving simu-
lator input, while all other vehicles move according to their behavioral models,
allows to study the effects of individual driving behavior on traffic flow dynamics
and vice versa. A major limitation of such co-simulation approaches, however, is
the high computational and technological complexity concomitant with the cou-
pling of two independent, complex systems (e.g. synchronization and latency,
proprietary data formats, eventually hardware setup). The reliance on driving
simulator input reveals another issue, that is the inability to guarantee full repro-
ducibility of the performed simulations, which, apparently, is inevitable in order
to obtain reasonable results, especially when investigating the effects of individ-
ual driving behavior in different situations.

The behavior injection model presented in the forthcoming section addresses
these particular issues. It makes use of a flexible data structure allowing for the
straightforward extension and integration with microscopic traffic simulators
while at the same time allowing for full reproducibility of the scenarios under
investigation.

3 The Behavior Injection Model

In this section, the developed behavior injection model is elaborated in more
detail. Subsequently, we present an overview of its architecture and the functional
principle as well as the types of behavior which are supported by the model.

3.1 Functional Principle

As mentioned previously, the behavior injection model proposed in this paper
is applicable to the class of microscopic traffic simulators, i.e. the positions and
velocities of vehicles within a simulation run as well as additional parameters
such as fuel consumption are modeled individually. Hereinafter, we give a brief
overview of the model’s layout and its interfaces required for the successful inte-
gration with such microscopic simulation frameworks. Figure 1 outlines the indi-
vidual model components and their interactions with other simulator compo-
nents in an abstracted manner.

The behavior injection module constitutes the integral part of the proposed
model, responsible for managing the execution of behaviors throughout a simu-
lation run. These behaviors are parametrized using external configuration data
which specify, among others, the behavior’s time of execution and its duration,
as indicated by (1). The injection module on the other hand is directly linked to
the simulation time updater, a core component of microscopic traffic simulators
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Fig. 1. Conceptional layout of the proposed behavior injection model. Interactions
with model components (blue) and other simulator components (gray) are indicated
by arrows, the parenthetic numbers indicate the sequence of interactions. (Color figure
online)

which repeatedly updates other simulator components (e.g. crash detectors, lon-
gitudinal and lane-change models, traffic control models) in fixed time intervals
in order to drive on the simulation (2). In every simulation step the injection
module processes the given set of behaviors (3) and performs modifications either
to this set or selected vehicles in the simulation, respectively (4). Thereby, it fol-
lows the functional principle outlined by the pseudo-code below.

1: function behaviorUpdate(simRunTime)
2: for i = 1 :sizeof(behaviorStack) do
3: b ←getBehavior(behaviorStack, i)
4: if canExecute(b,simRunTime) then
5: if canFinish(b,simRunTime) then
6: stopBehavior(b)
7: removeBehavior(behaviorStack,b)
8: else
9: execute(b,simRunTime)

10: end if
11: end if
12: end for
13: end function

In every update step, the injection module verifies whether the execution of
either one or multiple of the specified behaviors has to be started or stopped,
respectively, depending on the currently elapsed simulation run time. For each
behavior b the function canExecute ascertains whether the behavior is ready
for execution or not, i.e. its time of execution is smaller than the simulation run
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time. If this condition evaluates to true, the function canFinish determines if
the behavior has successfully finished execution, i.e. the current simulation run
time exceeds the behavior’s time of execution plus its specified duration. If this
is the case, the behavior’s execution is stopped. Furthermore, the behavior is
removed from the set for performance reasons, and, thus, it is not considered in
upcoming update time steps anymore. Otherwise, the behavior is executed just
as desired, i.e. it is applied to the target vehicle.

This approach is not only a rather simple mechanism to alter the standardized
behavior of selected vehicles in the scope of microscopic simulations, much more
it also guarantees full reproducibility of the scenarios under investigation. This
reproducibility is achieved by the behavior execution mechanism which ensures
that behaviors with an identical time of execution and duration are injected at
the same point in time and last for the very same period of time.

3.2 Behavior Types

Basically, the proposed model is capable of introducing any kind of behavior into
microscopic traffic simulations. This comprises behaviors affecting a vehicle’s
longitudinal and lateral movements as well as such influencing its lane-change
behavior, respectively. What’s more, also the modeling of hazardous events such
as driver distractions is conceivable. With reference to the exemplary integration
of the injection model with the traffic simulator TraffSim [1], which is outlined
in Sect. 4, we will delineate two specific behaviors that have been implemented
for that particular reason.

Acceleration and Deceleration: The first type of behavior is related to accel-
eration and deceleration, respectively. It allows to force a subject vehicle to
carry out an acceleration or a brake maneuver for a given period of time using
a desired intensity. After behavior execution has finished, the vehicle’s speed
and acceleration values are either imposed by the underlying longitudinal model
or remain unaffected until the end of the simulation, except for modifications
caused by subsequent behaviors, depending on the behavior’s parametrization.
Such kind of behavior is useful e.g. when evaluating the stability of vehicle pla-
toons in response to unexpected driving maneuvers of the leading vehicle (see
e.g. in [11,27]).

Control Behavior: In contrast to the former, control behaviors allow to realize
more complex driving scenarios by making use of predefined speed and accel-
eration traces. Such data could be obtained from real vehicular measurement
campaigns or from driving simulator studies, respectively. Instead of setting the
subject vehicle’s acceleration to a predefined value, control behaviors continu-
ously vary the vehicle’s speed and acceleration in accordance to the provided data
traces. Finally, the behavior’s parametrization decides whether or not control is
handed over to the vehicle’s longitudinal model after the control behavior has
finished. Control behaviors allows for the reconstruction of real driving scenarios
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in a simulation environment, which is useful not only when studying the effects
of certain maneuvers under varying conditions, but also to validate car-following
models under development on the basis of real data.

4 Integrating the Behavior Injection Model with the
Microscopic Simulation Framework TraffSim

After having introduced the theoretical concepts related to the proposed behavior
injectionmodel, wewill nowdemonstrate its applicability by integrating itwith the
microscopic simulator TraffSim [1]. TraffSim allows for the time-discrete and state-
continuous simulation of vehicular traffic, supporting numerous configurable mod-
els and parameters. Throughout a simulation run a wide range of traffic-relevant
data are recorded for each modeled vehicle, including but not limited to acceler-
ation, current speed, position and fuel consumption, which guarantees full repro-
ducibility of the performed simulations. TraffSim is implemented as Eclipse Rich
Client Platform (RCP) application using the Java programming language, which
reveals a number of benefits, including but not limited to platform independence,
automated update mechanisms and a commonly known user interface [1].

4.1 Behavior Specification

TraffSim makes use of a number of XML files for defining all input parameters
relevant for a simulation, e.g. road network, vehicles, traffic lights. We extend
this data model by a separate input file which contains configuration parameters
for the behavior types outlined in Sect. 3.2. Exemplary configurations of these
types are shown in Fig. 2.

Fig. 2. Configuration of an acceleration (a) and a control behavior (b) to be used in a
TraffSim simulation.

It can be obtained that both configurations have several parameters in com-
mon, including the behavior type, an offset to determine the time of execution
measured from simulation start, and the vehicle field identifying the target vehi-
cle for the respective behavior. The acceleration and deceleration behaviors addi-
tionally require an intensity and a duration to be specified. Whilst the former
indicates the absolute acceleration value (either positive or negative), the latter
defines how long this value is actually applied.
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For the control behavior, these two settings are defined implicitly by the
trace parameter, which is composed of a set of any number of samples. Each
sample, in turn, provides several parameters such as a time stamp, a speed and
an acceleration value. Such traces can either be obtained by performing vehic-
ular measurement campaigns, from driving simulators or from data provided
by open-source projects such as NGSIM (Next Generation SIMulation, [28]),
respectively.

4.2 Data Model

Hereinafter, we outline the individual components of the behavior injection
model and their relations to existing components within the TraffSim infrastruc-
ture. The model is strongly decoupled from the remaining simulator components,
allowing for its modification or even replacement without affecting any of the
other components. Figure 3 gives an overview of the relevant simulator archi-
tecture and the integration of the behavior injection model into the very same.
Afterwards, we provide a more detailed description of the particular components
and their respective responsibilities.

TraffSim

ConfiguraƟon Data

Data Loader

Road Network

Vehicles

Behaviors

...

SimulaƟon Model

ini alize

load

SimulaƟon 
Runnable

start
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Vehicle Updater

Behavior 
InjecƟon Module

...
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AbstractBehavior

AcceleraƟon 
Behavior

Control 
Behavior

contains mul ple

Fig. 3. Concrete implementation of the behavior injection model and its integration
with the TraffSim infrastructure. Components associated to the behavior injection
model are highlighted in blue. (Color figure online)

Data Loader: Before starting a simulation in TraffSim, all relevant configuration
files have to be loaded into the simulation environment. The data loader pro-
vides the functionality to process the XML files containing the required input
parameters (see Sect. 4.1) and to create the corresponding simulation objects
from them, e.g. road segments, vehicles.

Simulation Model: Given the entities created by the data loader, a simulation
model is created for every single simulation. This model provides all information
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required for a simulation run and manages a number of components which encap-
sulate particular simulation facilities, e.g. crash detection, statistics recording or,
likewise, behavior injection.

Simulation Runnable: A simulation runnable constitutes the equivalent to the
simulation time updater outlined in Fig. 1 and is one of the key components in
TraffSim. It is responsible for continuously updating particular simulator com-
ponents handled by the simulation model, e.g. crash detector, behavior injection
module, in fixed time intervals in order to drive on the simulation. In every
update step each of these components carries out its desired functionality. Each
simulation runnable is executed in a separate thread, allowing to perform mul-
tiple simulation runs in parallel.

Vehicle Updater: One of the components controlled by the simulation runnable
is the vehicle updater. This component is responsible for updating all vehicle-
specific parameters such as position, speed and fuel consumption. In each sim-
ulation step it processes every individual vehicle in the simulation and updates
its properties accordingly.

Behavior Injection Module: Among other components such as the vehicle
updater or the crash detector, also the behavior injection module is updated
in regular intervals by the simulation runnable. In every iteration the module
executes the logic delineated in Sect. 3.1 in order to determine whether to execute
a behavior or not. Once a behavior is ready for execution, the behavior injection
module notifies the vehicle updater, which in turn updates the corresponding
vehicles in simulation according to the speed and acceleration values provided
by the respective behavior.

Abstract Behavior: This entity serves as a base class for all behaviors imple-
mented in TraffSim. It provides the functionality to determine if a behavior is
ready for execution and methods to obtain the desired manipulation values (e.g.
speed or acceleration) for a given point in time and the target vehicle, respec-
tively. The acceleration and control behavior represent concrete implementations
of this abstract behavior. Whilst the former yields constant manipulation values
at any point in time, these values vary over time for the latter, as in every update
step a different sample of the associated data trace is processed. In that regard
it is important to ensure that the sampling time of the underlying data trace
matches the simulation interval in order to obtain reasonable results.

4.3 Simulation Results

In order to demonstrate the proposed behavior injection model’s functionality we
carried out a number of simulations using TraffSim. More precisely, we simulated
different scenarios to outline how both the acceleration and deceleration behavior
as well as the control behavior affect a target vehicle’s longitudinal movement
in a different manner. While in the first scenario a vehicle is being exposed to
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both an acceleration and a deceleration behavior, the target vehicle’s behavior is
imposed by a speed and acceleration trace obtained from the publicly available
NGSIM project [28] in the second one. In all simulations performed in the scope
of this work we used the popular Intelligent Driver Model [8] to model the
vehicles’ longitudinal movements.

Acceleration and Deceleration: In this scenario we outline the implications
of the most simple type of behavior, namely acceleration and deceleration maneu-
vers. To do so, we simulated a single vehicle traveling along a straight road at a
desired speed of 14 m/s. After t = 500 s we inject a deceleration behavior which
causes the vehicle to brake with an intensity of 2 m/s2 until it reaches the new
target speed of 10 m/s. Finally, an acceleration behavior is triggered at t = 530 s,
lasting for two seconds and applying a constant acceleration of 2 m/s2. Figure 4
outlines the acceleration and speed traces for the target vehicle in the relevant
time interval. Figure 4a depicts the described scenario in the case where the vehi-
cle’s velocity and acceleration are affected only by subsequent behaviors after
the first behavior has been executed. In contrast, Fig. 4b shows the very same
scenario, however, control is handed over to the vehicle’s longitudinal model
after each of the behaviors has been executed. In case of the latter it can eas-
ily be seen that the longitudinal model immediately counteracts the deviated
behavior introduced by the two behaviors in order to reach the desired target
speed of 14 m/s by performing an according acceleration and brake maneuver,
respectively.
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Fig. 4. Acceleration and speed traces of a target vehicle being exposed to a deceleration
and an acceleration maneuver at t = 500 s and t = 530 s, respectively. The blue traces
result from applying both a deceleration and an acceleration behavior, the greyed-out,
dotted line corresponds to situations where no behavior is injected. (Color figure online)
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Control Behavior: In the second scenario we demonstrate the proposed
model’s capability to reproduce realistic driving maneuvers by integrating speed
and acceleration traces obtained from vehicular measurement campaigns or
driving simulator studies, respectively. Therefore, we setup a control behavior
which is parametrized using a corresponding trace from the publicly available
Lankershim Boulevard dataset (refer to the NGSIM project [28]). The selected
speed and acceleration traces have a length of roughly 66 s and were recorded
in a congested arterial road, i.e. in dense traffic. Similar to the first scenario, we
simulated a single vehicle traveling along a straight road at a desired speed of
approximately 7 m/s, before the behavior is finally injected at t = 500 s. Figure 5a
and b show the original traces as obtained from the NGSIM dataset and the cor-
responding traces reproduced with an accordingly parametrized control behav-
ior, respectively.

Time [s]
0 10 20 30 40 50 60

Sp
ee

d 
[m

/s
]

0

5

10

Time [s]
0 10 20 30 40 50 60

Ac
ce

le
ra

tio
n 

[m
/s

²]

-4

-2

0

2

(a)

Time [s]
480 500 520 540 560 580

Sp
ee

d 
[m

/s
]

0

5

10

Time [s]
480 500 520 540 560 580

Ac
ce

le
ra

tio
n 

[m
/s

²]

-4

-2

0

2

(b)

Fig. 5. Acceleration and speed traces of a selected sample from the Lankershim Boule-
vard dataset and its integration as control behavior on the right-hand side.

5 Conclusion and Outlook

In this paper, we introduced a behavior injection model allowing for the integra-
tion of predefined driver behaviors into microscopic traffic simulators. It is capa-
ble of manipulating a vehicle’s longitudinal movement by altering its speed and
acceleration in accordance to predefined acceleration and deceleration maneu-
vers or to real data traces obtained from vehicular measurement campaigns or
driving simulator studies, respectively. In principle, also the integration of behav-
iors affecting the vehicles’ lateral movements or lane-change behavior would be
feasible. The proposed model is useful for a number of use cases, including but
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not limited to study the stability of vehicle platoons in response to unexpected
driving maneuvers of the leading vehicle or to investigate the impacts of individ-
ual driving behavior under varying conditions. At all times, our model guaran-
tees full reproducibility of the performed simulations by ensuring that identically
parametrized behaviors are injected at the same point in time. We demonstrated
the model’s applicability by integrating it with the microscopic simulation frame-
work TraffSim [1] and the aid of two exemplary simulation scenarios. However, it
should be mentioned that the model is applicable to a wide range of microscopic
traffic simulators.

We emphasize that, to this point, the behavior injection model is limited to
modeling behaviors affecting the longitudinal movements of individual vehicles.
Future work will include the extension of the model so as to allow for the inte-
gration of driving behaviors influencing both lateral movements and lane-change
behavior, respectively.
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