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Introducing the Effect of Bicyclist Stabilization Control in
Microscopic Traffic Simulation
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Abstract— A bicycle dynamics model is developed that
introduces characteristics of the bicycle dynamics in
microscopic traffic simulation. The model alters the lateral
position of simulated bicycles in space due to the stabilization
efforts of the simulated bicyclist. The development of the
proposed model is based on conclusions and simplifications
derived from the study of single-track vehicle dynamic models.
The proposed model is subsequently integrated with the
microscopic traffic simulation software SUMO [1]. Results
indicate that the operational width of a bicyclist is a decreasing
function of the operational speed as a result of the bicyclist
stabilization process. The proposed model can be used to
improve the accuracy of simulation studies of the overtaking
behavior of bicyclists and while studies focusing on the
behavior of bicycles in platoons are expected to produce more
accurate results.

I. INTRODUCTION

Microscopic traffic simulation tools are used to model the
behavior of road users and provide means of assessment for
traffic measures in road networks. As the number of bicycles
increases, the capacity and efficiency of the road network are
significantly affected by bicycle traffic, making it necessity to
accurately model of bicycle traffic. Currently, the modelling
of bicycles for microscopic traffic simulation tools is
achieved using modified motor vehicle or pedestrian models
[1], [2]. In this context, special characteristics of bicyclist
behavior such as switching between different infrastructures,
flexible maneuvering between other traffic participants and
desired path at intersections in complex interactions with
other road users are not included in the traffic simulation or
cannot be easily reproduced in the simulation, due to the
inherently complex bicyclist behavior as well as the design
structure of the available microscopic traffic simulation
software. As a result, additional effort is required in order to
incorporate special attributes of bicyclist behavior into
microscopic traffic simulation.

Most of the extensions developed for bicycle simulation
focus primarily on the description of the tactical behavior of
bicyclists [3]-[6] as well as the modelling of the operational
characteristics of bicyclist behavior [7]-[10]. The tactical
behavior includes short term maneuvers as consciously
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chosen by a bicyclist to address specific traffic situations.
The operational behavior includes subconscious actions to
control and ride the bicycle in the environment, such as
desired speed control, acceleration, deceleration, gap
acceptance and spacing [2], [11]. Although several models
that vary in complexity and accuracy have been developed in
the past to describe bicycle dynamics and physics, little
knowledge derived from these studies has been introduced
into microscopic traffic simulation. This is attributed mainly
to the fact that most of these models are highly complex and
require complex calculations, which will lead to an
unnecessary degree of detail and a significant decrease in
simulation time, making them inappropriate for a direct
implementation in microscopic traffic simulation. In this
paper, a model that introduces characteristics of the bicycle
dynamics into microscopic traffic simulations proposed. The
model alters the lateral position of simulated bicycles in
space due to the stabilization control of the bicyclist. The
development of the model is based on conclusions and
simplifications derived from the study of linear bicycle
models.

II.LITERATURE REVIEW

A. Vehicle Dynamics in Microscopic Traffic Modelling

Vehicle dynamics have already been introduced in some
microscopic traffic simulation studies. The main purpose
behind these implementations was to ensure the proper
operation of the Social Force Model by translating the
applied social forces into realistic travel direction changes. In
the case of car-following models primarily utilized by
microscopic traffic simulation software the agent’s behavior
is altered based on the position and speed of the leading
vehicle. The lateral movement is modelled through a discrete
lane choice model [2] and in the case of mixed traffic
simulation through the resolution of a traffic lane into sub-
lanes [12] or through non-lane-based behavior using the
maximum longitudinal time-to-collision to choose the lateral
position along a traffic lane [13], [14]. Mixed traffic in shared
space is modelled with an adapted Social Force Model in
[15]. A dynamic model is integrated for four-wheel motor
vehicles that can accurately simulate the vehicle trajectory in
space, considering the restrictions imposed by its geometry
and physics. The sum of all social forces acting on the
vehicle are transformed into a steering angle using a
Proportional-Integral-Derivative (PID) controller. In this
case, the lateral component of social force works as the
“error”. The output of the PID controller is the control input
(steering angle) for the controlled system (vehicle). Thus, the
target of the PID controller is to determine the steering angle
while minimizing the error of the social force. This approach
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can be adapted for use with other types of vehicles that are to
be simulated with the Social Force Model.

Vehicle dynamics were considered in the development of
a microscopic traffic simulation model in [4]. The Social
Force Model was used as a basis for modelling mixed traffic
in shared space areas. Extensions are introduced to the Social
Force Model, in order to represent the interactions among the
different types of road users with a greater accuracy. An
infrastructure model was also introduced that used force
vector fields to guide each agent to their destination based on
the type of infrastructure.

Additionally, an operational model was created for the
different road users so that the different characteristics of
pedestrian and vehicle dynamics could also be taken into
consideration in the calculation process of the vehicle
trajectory. In the case of vehicles, however, no distinction
between motorized vehicles and bicycles was made. The
operational model also handled basic social interactions
among the agents. Finally, a tactical model was also
introduced for handling conflicts among different agents that
cannot be resolved by the Social Force Model [4].

B. Bicycle Dynamics

The study of bicycle dynamics bicycle self-stabilization
and human bicycle control has intrigued scientists since the
invention of the bicycle. Since the 19" century, a series of
linear and non-linear models have been developed to describe
bicycle dynamics [16]-[20]. Although most of these models
are complex and importing them into microscopic traffic
simulation in order to describe the bicycle dynamics
accurately is deemed as an unnecessary step towards
improving the accuracy of microscopic traffic simulation,
certain characteristics of the bicycle dynamics can be
modelled in a simplified way and improve the accuracy
without reducing the simulation efficiency. A similar
scientific approach is followed in [16] where four models
with a gradually increasing accuracy and complexity are
presented, with the last model being a nonlinear model based
on fourth order differential equations. The simplest model
presented is a second order bicycle model that relies on
several simplifying assumptions. The single control input to
the system is the steering torque, while the bicycle is
described by the dynamic torque balance for the frame and a
static momentum balance for the front fork assembly. Due to
the simplifications related to the bicycle geometry that reduce
angular parameters to zero, the equations become linearized.
A closed loop control system then describes the stabilization
of the bicycle, where steering torque is the only input to the
system. Although the model is simple, solving the equations
requires a laplacian transformation, reducing the applicability
of the model in microscopic traffic simulation.

More complex models also discussed in [16], include a
linear fourth order model, where the static front fork is
modelled with a dynamic model. The model is defined by 23
parameters, which describe the bicycle geometry and mass
distribution. Linearized equations for a fourth order bicycle
model based on the Whipple Bicycle Model [21] have also
been developed by [20] and can be used for studying bicycle
self-stabilization. Different modes of bicycle stability can be
represented by the models. A significant conclusion that can

be derived is that an uncontrolled bicycle is only self-stable at
speeds between 15.5 km/h (4.3 m/s) and 21.6 km/h (6 m/s)
[20]. A similar approach, based on the Whipple Bicycle
Model, in the study of bicycle self-stability but without
linearized equations was already proposed in [17], which
produced similar results. It was determined that an
uncontrolled bicycle can be self-stable at speeds between
15.9 km/h (4.4 m/s) and 20.2 km/h (5.6 m/s). Finally, both
models show that the change of roll and steering angle can be
described by exponential functions when it comes to
controlling the stability of the bicycle.

When stabilizing a bicycle without changing the direction
of travel, bicyclists primarily rely on steering [19], [22]-[25]
The motion of the bicyclists body while performing stability
tasks on a treadmill was captured using a motion capture
system. It is determined that steering-yaw-roll motions of the
bicyclist were taking place with a greater frequency for
speeds below 10 km/h, while for speed over 10 km/h, the
predominant motion of the bicyclist was the pedaling motion
[19]. The frequency of the steering-yaw-roll motions matched
the frequency of the pedaling motion of the bicyclist.
Researchers conducted bicycle experiments on a treadmill
together with a town ride experiment. Observation data
showed small steering angles of +3 degrees for most of the
field study. Steering angles of £15 degrees were recorded
only when the bicyclist was moving at low speed or turning.
The laboratory bicycle experiment that was conducted in
parallel showed that lower cruising speeds lead to greater
steering angle deviations. It also suggested that steering angle
deviations are continuously present during the stabilization
process [26].

Finally, it is found that the change in the amplitude of the
steering angle is a function of different speeds and different
pedaling profiles. As the speed decreases, the amplitude of
the steer angle also decreases. The pedaling profile of the
bicyclist also affects the amplitude of the steer angle
variability. When the bicyclist is not pedaling, the amplitude
of the steer angle variation is smaller in comparison to
normal pedaling [27]. Thus, it can be concluded that the
stabilization process of the bicycle also affects the position of
the bicycle in space, because when moving forward, the
bicyclist stabilizes the bicycle through changes in the steering
angle. The frequency of these changes in the steering angle
are linked to the pedaling frequency, whereas the amplitude
of the steering angle changes is linked to the pedaling profile
of the bicyclist as well as the bicycle speed. Also, the
amplitude of the changes in the steering angle follows an
exponentially decreasing function of velocity. As the
intensity and the frequency of these changes depend on
continuously changing environmental factors such as the
wind, the weather conditions, the slope and the pavement
type [28], the lateral position of the bicycle changes over time
leading to an increased and variable operational width for
bicycles in space as they cannot follow a straight line due to
the stabilization process [26]. This is also evident in the
recommended minimum width for bicycle lanes as one study
suggests [29].

C. Review Summary

Existing bicycle dynamics models are too complex for an
efficient integration in microscopic traffic simulation.
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Vehicle dynamics have been successfully introduced in
microscopic traffic simulations mainly as a part of social
force models. Improved accuracy of the introduction of
vehicle dynamics can be achieved by considering
infrastructure and road user type in resolving interactions and
calculating the trajectory of the simulated users.

Concerning the stabilization control of the bicycle, bicyclists
primarily rely on steering. Finally, the change in the
amplitude of the steering angle is a function of speeds and
pedaling profile, with an increasing bicycle speed decreasing
the steering angle deviation exponentially. This is also
affected by environmental factors.

III. METHODOLOGY

Based on the findings that derive from the scientific
literature review, a model that introduces the effects of
bicycle dynamics in microscopic traffic simulation is
developed. The model must retain a low degree of
complexity, as the microscopic traffic simulation analysis
must retain its efficiency. Additionally, the model must be
able to function within the microscopic traffic simulation
without conflicting with any of the simulation functions. This
is important because the model alters the position of the
bicycles in every simulation step, which potentially leads to
conflicts with the simulation’s tactical model and other
simulated road users. Finally, the developed model will be
integrated in microscopic traffic simulation to evaluate its
operation.

The proposed model reproduces the effect of the
stabilization control of the bicyclist in microscopic traffic
simulation. As determined in the literature review, bicyclists
stabilize the bicycle through steering control, which results in
changes in the position of the bicycle. Thus, the bicycle
cannot follow a straight path but rather a waveform
trajectory. The effect of these path deviations can potentially
affect overtaking maneuvers of other bicyclists especially in
cases of little available space. Therefore, the model must
retain certain key qualities. Regarding the stabilization
process, the bicyclist makes changes in the steering angle in
order to stabilize the bicycle while the bicyclist’s body does
not take part in the stabilization process. Also, due to the
caster angle, the angular displacement of the bicycle steering
axis from the vertical axis of the front bicycle wheel, the
change of the steering angle is not equal to the resulting
effective steering angle. Thus, in contrast to a simple
sinusoidal model for the generation of wave form like
trajectories for simulated bicycles, the proposed model
accounts also for the bicycle geometry and has also the
potential to include bicycles with irregular frame geometry
such as recumbent bicycles, prone bicycles and chopper
bicycles. Additionally, the generated trajectories do not
follow predictable patterns as the amplitude and the phase
would dictate for a sinusoidal function.

The mathematical expressions for calculating the
resulting steer angle deviation for every simulation step are
developed based on a combination of the expressions
describing the stabilization process of uncontrolled bicycles
[17], [20] and on the experimental results found in the
scientific literature [26], [27]. The deviation of the steering
angle can be represented as an exponentially decreasing

function of the velocity. Based on this simplification, a
simplified exponential function that determines the maximum
allowed deviation of the steering angle as a result of the
stabilization process in every simulation step is developed.
The generic form of the equation that describes the change in
the steering angle amplitude as a function of the velocity in
every simulation step is:

3(s) =RAe™+b (1)
Where:
o(s) Steering angle at simulation step s [°]
R Randomization parameter [-]
v(s) Bicycle velocity at simulation step s [m/s]
A A Db Calibrated parameters [-]

The changes in the steering angle are introduced by the
bicyclist, not only for stabilizing the bicycle but also for
countering the effects of environmental factors that cannot be
modelled and quantified in detail. The calibration of the
function is based on average values resulting from [26], [27].
In conjunction with the findings in [26], [27], two dynamic
states are defined for the simulated bicyclist: “pedaling® for
the acceleration state and “not pedalling for the deceleration
state in order to account for the higher steering angle
deviations observed when a bicyclist is pedaling and the
smaller changes in the steering angle deviations when the
bicyclist is not pedaling.

Environmental factors that may affect the bicyclists’
trajectory are accounted using a randomization parameter R.
The main function of this parameter is to provide a range of
different steering angle deviation values in every simulation
step, which reproduce the effect of unquantified
environmental factors on the stabilization process. The
maximum limit of the randomization value cannot be strictly
defined as it refers to the maximum value the steering angle
deviation can receive for a speed v and is related to the
environmental factors that affect bicycle motion. Fig. 1
presents the steering angle deviation for different progression
speeds and without the influence of environmental factors (R

=1).
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Figure 1. Steering angle deviation at different pedaling profiles with
increasing speed without the influence of environmental factors (R = 1).
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The second equation is introduced determine the effective
steering angle for the simulated bicycle. The bicyclist does
not lean in order to balance the bicycle while riding straight
(roll angle ¢ = 0°). The effective steering angle is the angle
the direction of the bicycle changes, as a result of the caster
angle and is calculated using the following equation for a
simple two-wheel vehicle equation [30]:

A(s) =tan! (cos ¢ tan (s)) )
Where:
A(s) Effective steering angle at simulation step s [°]
€ Caster angle (0° <& <28° [20][°]
4(s) Steer angle d at simulation step s [°]

Finally, in order to retain the simplicity of the model and
incorporate the model into microscopic simulation, a series of
constraints are introduced. The frequency of the changes in
the steering angle are found to be linked to the pedaling
frequency. The pedaling frequency is not only a subject of
the present velocity but it also depends on the geometric
characteristics of every bicycle and the selected gear. As a
result, an inclusion of the pedaling frequency in the proposed
model is not possible. Additionally, the increase in
complexity would not significantly extend the model’s
accuracy. The first constraint limits the number of possible
changes in the travel direction of the bicycle in every
simulation second as a result of the stabilization process [26].

n

Cmax2 Z Ci

3)

Where:

Crnax Maximum allowed number of stabilization
counteractions that are performed by the bicyclist
in one simulation second [-]

Ci Performed number of counteractions in simulation
step i [-]

n Resolution of one simulation second [s]

i Simulation step

The second constraint limits the lateral space inside of
which the changes in the lateral position of the bicycle can
take place and confines the simulated bicyclist in the chosen
road infrastructure. Since the magnitude of the steering angle
deviation is not the same for every simulation step due to the
randomization factor, the simulated bicycle is expected to
diverse significantly from the desired course in the long term.
As the model introduces the dynamics of a controlled bicycle
in microscopic traffic simulation, a function that incorporates
the bicycle dynamics with the bicyclist destination and route
choice should be introduced. Ultimately the steering actions
of the bicyclist do not only account for the stabilization of the
bicycle but also preserve a specific path to a desired
destination. Thus, the changes in the lateral position of the
bicycle must be confined.

latd max2 Z dYJ
@

Where:

latdmax ~ Maximum aggregated lateral deviation away from
the desired path (m)

dy; Lateral deviation in simulation step i (m)

n Resolution of one simulation second

i Simulation step

Whenever one of the first two constraints is reached, the
travel direction of the bicycle is changed. The combination of
the previous two constraints produces bicycle trajectories
with wavelengths and amplitudes that vary in every
simulation second.

The third constraint is complementary to the first and
second constraints and supports the tactical behavior of the
bicyclist. It comprises a set of rules. The previous two
constraints function properly only when considering bicycles
advancing freely in space. However, bicycle motion is
framed by the dimensions of the present bicycle
infrastructure. Also, during overtaking maneuvers, the
bicyclist will shift the bicycle away from the simulated road
user that bicyclist is interacting with. Therefore, the third
constraint is introduced in the model so that the simulated
bicycle does not change infrastructure only due to the lateral
deviations. In the case of overtaking maneuvers, changes in
the steering angle due to the stabilization actions of the
bicyclist are restricted if these actions hinder the overtaking
maneuver. The methodology for applying this set of rules is
linked to the restrictions and the structure of the traffic
simulation software and the way interactions with agents
whose behavior is altered by external models and agents
simulated solely by the software are handled.

IV. RESULTS

The proposed model is integrated with the microscopic
traffic simulation software SUMO [1] for the purpose of
evaluating its operation. SUMO was chosen due to the
Traffic Control Interface (TraCI) that provides the user to
manipulate the behavior of simulated objects in real-time
[31]. In SUMO, lanes can be divided into multiple sub-lanes
without a limit in the lane resolution while simulated
vehicles are also able to interact with other simulated users
that are using adjacent sub-lanes [12]. A similar approach
can be adapted for the integration of the model in any other
microscopic traffic simulation software with a respective
API that allows the user to manipulate the simulation
extensively such as VISSIM or AIMSUN. After the model
was integrated with SUMO, three simulations with a
duration of 1800 seconds with 10 simulation steps per
second were executed. For each simulation run, all simulated
bicycles had the same desired velocity, 10 km/h, 14 km/h
and 19 km/h in the first second and third run respectively.
The focus of the simulations will be to examine the lateral
deviations of the bicycles in space with different velocities
and avoid overtaking maneuvers that would lead to greater
lateral deviations. The simulated bicycles were restricted to a
single bicycle path with a width of 1.6 m. The selected
bicycle path width corresponds to the minimum bicycle path
width stipulated by the German regulations [32].
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Fig. 2 presents the steering angle deviation due to the
stabilization process of one randomly selected simulated
bicycle for a velocity of 14 km/h and the corresponding
lateral position deviation.

o6 1.0
5

Q N —
3 0.8 g
g g
g 0.6 =2
% z
e L0472
— o
g b
= 0.2 2
£

2

2 -6 0.0

60 70 8 9 100 110
Simulation Second (5)

Figure 2. Steering angle deviations and lateral position deviations of a
simulated bicycle.

Due to the inclusion of the randomization factor, the
amplitude and the frequency of the steering angle deviations
vary over time. Although the change of the steering angle
may be small, it can sum to a significant lateral deviation
from the straight path over time. The maximum lateral
deviation for every bicycle is the difference between the
maximum and the minimum lateral position of the bicycle in
question during the simulation run. Results show that the
operational width for a simulated bicycle ranges between
0.46 m for a desired speed of 10 km/h to 0.27 m for a desired
speed of 19 km/h. The fact that the average lateral deviation
decreases as the bicycle velocity increases was expected due
to the exponentially decreasing function that is used to
determine the steering angle deviation. Fig. 3 depicts the
distribution of the maximum operational width of the
simulated bicycles.
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Figure 3. Bicycle operational width distribution.

Results show that 70.6% of bicycles belonging to the
desired speed group of 10 km/h require an operational width

of at least 0.4 m. The percentage of bicycles that require an
operational width of 0.4 m decreases significantly as desired
speed increases, since the stabilization process at greater
speeds results in smaller steering angle changes. It is
expected that under real traffic conditions, where various
variable environmental factors affect the stabilization of the
person-bicycle system, the resulting average operational
widths for all groups may be higher.

Additionally, it is expected that in the case of narrow
infrastructure width, bicyclists approaching downstream
slower moving bicyclists will not be able to perform an
overtaking maneuver due to potential blocking by the slower
moving bicycle. This may result in reduced speeds for fast
moving cyclists, the creation of platoons or in changing
infrastructure in order to perform the overtaking maneuver.
Since overtaking bicyclists also must stabilize their own
bicycles, it is hard to determine how and when the overtaking
maneuver will take place. As a result, of the randomization of
the lateral position of the leading bicycle it is difficult to
determine if an overtaking maneuver takes place as a part of
a tactical decision of the bicyclist or if the bicyclist is able to
continue advancing forward due to an acceptable gap that
was open for a short time window. The only tactical parts of
the proposed model support the overtaking maneuver and
limit the bicycle in the present infrastructure if its lateral
position changes only due to the proposed model. However,
slower moving bicycles may provide space for overtaking if a
faster moving bicycle is approaching, especially in the case
of limited available width. Thus, the boundary that separates
a tactical decision of assisting an overtaking maneuver from
the uninfluenced progression in space is unclear and can be
the focus of future research.

Nevertheless, the proposed model can be used by a
tactical model as well. Besides intensive steering control,
lateral deviations from a straight path will be reduced if the
bicyclist reduces the pedaling frequency. As the lateral space
deviations become smaller, the movement of the bicycle
becomes more predictable. This can be integrated into a
tactical model as it leads to a reduction of the acceptable
overtaking width for a bicyclist, for cooperative overtaking
maneuver modelling or for modelling bicycle motion in
narrow spaces. Additionally, the operational width value is
sensitive to the simulated bicycle speed, when v < 15 km/h
and the randomization parameter of the steering angle.
Smaller randomization parameter ranges result in overall
lower average operational widths for all desired speed
groups. In this study the randomization parameter was
conservatively allowed to receive values ranging from 0.001
to 1.1, as no detailed data were available from the field study
[26], where a greater range of steering angles is expected due
to environmental factors affecting the stabilization process.
Still, the use of the randomization factors produces a great
variability in observed bicycle trajectories. All simulated
bicycles are found to utilize a space of close to 0.8 m for free
flow motion. As bicycles can move freely on the full width of
the bicycle path, bicycles can be found at any lateral position
along the available bicycle lane width at any given time. In a
simulation with varying desired velocities, this dynamic
behavior will make the execution of overtaking maneuvers
more difficult for faster bicycles, which leads to a reduced
capacity especially with high bicycle traffic volumes.
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V.CONCLUSIONS

In this paper, a model is proposed that introduces aspects of
bicycle dynamics in microscopic traffic simulation. The
development of the model is based on the review of complex
bicycle dynamic models and the experimental results of a
study conducted to examine the stabilization process of a
human controlled bicycle. As the proposed model is
designed for microscopic traffic simulation, simplifications
were made in order to preserve the efficiency of the
simulation. The proposed model is designed based on
laboratory data that do not consider the effects of variable
environmental factors on the stabilization process.
Appropriate real traffic data should therefore be collected as
the steering angle deviations are expected be higher because
of the environmental factors. However, despite the
conservative approach that was followed in the adaptation of
the model in microscopic traffic simulation, the proposed
model has already the ability to produce realistic motion
trajectories for simulated bicycles. Using the proposed
model, simulated bicycles follow waveform trajectories with
a varying amplitude of operational width and with varying
frequency of steering direction changes. Simulation results
showed that individual bicycles with a smaller desired speed
require a greater operational width than bicycles with higher
speed. This can affect the overtaking behavior of faster
moving bicycles, especially in cases of limited infrastructure
width. Overall, the proposed model has the potential to
improve the accuracy of simulation studies that examine the
tactical behavior of bicyclists or the capacity of bicycle
infrastructure, especially in collaboration with a fully
functional tactical behavior model and when high volumes
of bicycle traffic are simulated.
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