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Abstract— Recent development in wireless technology enabling
communication between vehicles led to introduction of the concept
of Cooperative Adaptive Cruise Control (CACC), which uses
wireless vehicle-to-vehicle communication and aims at string
stable behavior in a platoon of vehicles. Degradation cascades
have been proposed as a way to maintain a certain level of the
system functionality in presence of failures. Such degradation
behaviour is usually controlled by a runtime/state manager that
performs fault detection and transitions the system into states
where it will remain acceptably safe. In this paper, we propose
a dynamic controller manager that focuses on both safety and
performance of the system. In particular, it monitors the channel
quality within the platoon and reacts by degrading platoon
performance in presence of communication failures, or upgrading
the performance when the communication quality is high enough.
The reaction can include, e.g., adjusting the inter-vehicle distance
or switching to another suitable platoon controller to prevent
collisions. We focus on the functional and operational safety and
evaluate the performance of the dynamic controller manager
under different scenarios and settings in simulation experiments
to demonstrate that it can avoid rear-end collisions in a platoon,
continue platooning operation even in dense traffic scenarios
where the state-of-the-art controllers fail to do so.

I. I NTRODUCTION
A common phenomenon on congested roads is the formation of traffic shock waves, i.e., high-density waves traveling
backwards with respect to the cruising direction. Traffic shock
waves cause sudden emergency braking that can lead to chain
collisions if the vehicles do not respect the required safety
distance from preceding vehicles. It was shown before that
usage of the concept of adaptive cruise control (ACC) has a
positive impact on traffic safety and efficiency [1]. ACC relies
on radar and/or Lidar sensor measurements in order to allow
a vehicle to follow its predecessor by adapting the speed and
inter-vehicle distance.
However, ACC does not sufficiently improve the string
stability of vehicles, and requires maintenance of high intervehicle distances to achieve safety. A string of vehicles is
called “string stable” when it can attenuate the propagation
of any non-zero position, speed, and acceleration errors of
an individual vehicle in the upstream direction [2]. Due to
significant recent advances in computation, communication,
and control technologies, connected and automated vehicles are
becoming a reality. The limitations of sensor-based systems like
ACC ameliorated the necessity of Cooperative Adaptive Cruise
Control (CACC) which is a fusion of sensor measurements
and wireless communications that has been proven to be able

to close the inter-vehicle gap by sharing the vehicle parameters through inter-vehicle communication. The communicated
information may include vehicle position, speed, acceleration,
steering angle etc. With CACC and V2V communication it
is possible to realize safer platooning, i.e., allow a group of
vehicles to rally behind a lead vehicle with short inter-vehicle
distances with the goal of minimizing fuel consumption, operating cost and enhancing road safety.
One of the main challenges in platooning application is to
deal with the transient errors caused by the unreliable wireless
communication [3]. In platooning, as the vehicles maintain
short inter-vehicle distances, a temporary failure of V2V
communication can cause a much more hazardous situation
than sensor failures in an ACC system [4]. This is because
the vehicles will collide long before the backup drivers can
act as the typical reaction time of a driver is much higher
than the required time headway in CACC systems [5], [6].
Degradation cascades have been previously proposed as a way
to keep the platoon acceptably safe by switching to a lower
mode in case of failures, e.g., switching from CACC to ACC
when communication to the vehicle in front fails. The state
machine capturing such mode switching can be specified in
terms of assumption-guarantee safety contracts that realise
the corresponding safety requirements [7]. Runtime Manager
Concept (RMC) is proposed as a way to implement those
contracts, and assure the related requirements [8]. According to
this concept, the runtime manager monitors the parameters used
within the contracts, evaluates the contract assumptions, and
reacts accordingly with the behaviour specified in the contract
guarantees.
To this end, we instantiate RMC as a dynamic controller
manager that monitors the packet losses within the platoon, and
looks for safety contract violation in which case, it adjusts the
inter-vehicle distance, or switches to another suitable platoon
controller to prevent collisions. The contributions of this work
can be summarized as follows:
• We propose a dynamic controller manager as an instantiation of RMC that can monitor the communication status
in a platoon during run-time, and switch between the
controllers by both upgrading and degrading the performance to avoid rear-end collisions while the vehicles are
still forming a platoon. The logic behind the controller
switching or distance adjustment has also been presented
in this paper.

•

We have performed simulation studies to demonstrate
that the proposed dynamic controller manager can avoid
rear-end collisions in a platoon, and continue platooning
operation even in dense traffic scenarios while the stateof-the-art controllers fail to do so.
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The rest of the paper is organized as follows: Section II outlines
the background and the related works. Section III contains the
system model of the proposed dynamic controller manager. The
results of our simulation studies are presented in Section IV.
Finally, Section V concludes the paper.
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II. BACKGROUND AND R ELATED W ORK
The design of efficient Fault Detection, Isolation, and Recovery (FDIR) system is indispensable to ensure the safety,
and smooth functionality of ACC and CACC applications. The
authors in [9] proposed a Safety Checker algorithm which is
closely related to our work. This graceful degradation algorithm
takes inaccuracies in acceleration, velocity and the distance to
the front vehicle as input, and dynamically adjusts inter-vehicle
distance in order to maintain a safe gap. However, only the
results of sensor failure have been presented in this paper. A
dynamic spacing policy upon V2V failure was proposed in [4]
with the aim of maintaining operational and functional safety
of a truck platoon. In [8], the authors applied safety analysis
and risk assessment methods to determine what might go
wrong in the communication between vehicles, and proposed
a contract-based safety assurance method based on that. The
dynamic controller manager proposed in this paper detects
communication quality degradation, and thus takes proactive
measures in order to maintain fail-operational state in the
presence of a predicted communication failure. As a functional
safety mechanism, a platooning vehicle switches between the
controllers, and/or adjusts inter-vehicle gap.
In order to facilitate switching between the controllers, we
take three popular controllers from the literature as reference.
The ACC model is taken from Chapter 6 of [10] proposed
by Rajamani. In this controller, the desired acceleration of a
vehicle is determined by taking the time headway, relative
speed, and distance error into consideration. However, the
required distance to the preceding vehicle grows proportionally
in this model with the speed to avoid collisions. In [11],
the authors proposed a CACC model in which the kinematic
parameters of the leader, and that of the preceding vehicle are
communicated through V2V communication to the ego vehicle.
The consideration of damping ratio and controller bandwidth
along with the distance error and relative speed in its design,
allows this controller to maintain an inter-vehicle distance as
short as 5 meters in ideal scenarios. Ploeg et. al proposed a onevehicle look-ahead CACC controller [12] in which a vehicle
receives packets from its preceding vehicle only. The design of
this controller emphasizes on maintaining string stability, and
takes the communication delay in V2V communication into
consideration. Test results show that a platoon of length six
can exhibit string stable behavior for a time headway of 0.67
s in ideal scenarios.
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Fig. 1: Dynamic controller manager state machine.
The dynamic controller manager presented in this work
manages the switching between the above mentioned controllers to prevent rear-end collisions in the platoon. From this
point onwards, these controllers will be termed as ACC [10],
CACC [11] and PLOEG [12]. These names have been kept
consistent with the names used in the Plexe [13] simulator that
was used to implement and evaluate the performance of the
dynamic controller manager.
III. DYNAMIC C ONTROLLER M ANAGER
A. System Model
The proposed dynamic controller manager handles switching
between controllers at run-time based on the packet losses
induced by channel conditions, and interference from nonplatooning vehicles. Consider a scenario in which a platoon is
cruising at a constant speed of 100 kmh−1 with an inter-vehicle
distance of 5 metres in accordance with the CACC control law.
A few consecutive packet losses can cause rear-end collisions in
the platoon [8]. The controller manager dynamically monitors
the communication link between a particular vehicle with its
predecessor, and the leader, logs the packet losses, and looks
for safety contract violation. In case of such a violation,
the controller manager takes proactive measures by either
increasing the inter-vehicle distance, or switching to a lower
state, e.g., ACC. The connection to the front (c2f) vehicle and
the connection to the leader (c2l) are categorized into three
categories, namely well, fair and poor. If a platooning vehicle
does not experience more than a predefined number of packet
losses with respect to its predecessor and the leader, then the
connection status is set to well. The connection is considered
fair or poor in case of higher number of packet losses. The
boundary between fair and poor depends on a scenario under
consideration and should be carefully chosen based on the
simulation results. We have presented the results for different
combinations of fair and poor values in Section IV. In order
to explain the idea of dynamic controller manager, we simplify
the conditions for controller switching. In practice, this is more
complex and will be explained later in this section.

The finite state machine of dynamic controllerP
manager as
shown in Fig. 1, can be represented by 5-tuple
(Q,
, δ, q0 , F ),
P
where Q is the finite set of states,
is the set of input
alphabets, δ is the transition function, q0 is the initial state,
and F is the set of final states such that F ⊆ Q. The
set Q consists of higher state, lower state, and gap control.
CACC and PLOEG controllers are considered to be the higher
states because they can maintain a comparatively short intervehicle distance and string stability. ACC controller, on the
other hand, is considered to be the lower state because of its
high time headway requirement. Gap control signifies intervehicle distance adjustment without switching to the lower or
higher state. In fact, we only switch to the lower state if the
connection to the front vehicle is poor. If the connection quality
is fair then the inter-vehicle distance is increased to avoid any
potential accident. The controller manager keeps monitoring
the c2f and c2l, and switches back to the higher state, or
minimizes the gap if the connection becomes well with time.
In the proposed dynamic controller manager, platooning always
starts with CACC controller, a higher state, and can then switch
to any of the lower or gap control states depending on the
connection.
The transition state tables for controller switching in dynamic controller manager are depicted in Table I. The rules
of transition were determined based on the control law of
ACC, PLOEG and CACC. Please recall, in ACC there is
no V2V communication and the distance to the preceding
vehicle is maintained based on radar measurements. In case of
PLOEG controller, only the preceding vehicle communicates
its kinematic parameters through IEEE 802.11p Cooperative
Awareness Messages (CAMs). A vehicle using CACC controller requires connection to both the front and the leading
vehicle. So, when a platooning vehicle is at a higher state and
its connection to the front vehicle is poor, it switches to the
ACC controller in order to avoid collision with its predecessor
as shown in Table I (a). However, if the connection to the
leader is poor, a vehicle switches from CACC to PLOEG as
the PLOEG controller does not require connection to the lead
vehicle. While using PLOEG, no matter what the connection
quality with respect to the leader is, a vehicle increases the gap
with its predecessor if the connection quality to the front vehicle deteriorates to fair, Table I (b). The conditions for switching
to a higher state are presented in Table I (c). If the connection
to both front and the leader becomes well with time, then the
vehicle switches to CACC controller. For poor connection to
the leader and well connection to the front vehicle, it switches
to PLOEG controller. As the CACC controller uses a short
inter-vehicle distance, due to fair connection with the vehicle in
the front, the controller manager switches to PLOEG controller
and at the same time increases the gap to the front vehicle,
Table I (d). The PLOEG controller is considered a lower state
in this case, as the required time headway for this controller
is much higher than that of CACC controller. Similarly, for
a connection quality of fair with the predecessor, the vehicle
switches to PLOEG but increases the gap, while due to well

connection quality to the predecessor and fair connection to
the leader, the state is changed to CACC in combination with
increased gap to the front vehicle. In both cases, the gap is
increased by a user defined factor to minimize too frequent
state switching. The necessary conditions for switching to a
higher state with gap control are depicted in Table I (e).
IV. S IMULATIONS AND P ERFORMANCE E VALUATION
We have carried out simulation studies to analyze the performance of the dynamic controller manager. To this end, we use
the Plexe [13] simulator that is built as an extension of VANET
simulation framework Veins [14] for realistic simulation of
platooning applications. Veins is an OMNeT++ [15] based
simulator that provides a complete IEEE 802.11p protocol stack
along with different physical layer channel models, and realistic
mobility for its nodes with the aid of the road traffic simulator
SUMO [16]. In Veins, a SUMO vehicle is replicated by an OMNeT++ node, and they communicate through TraCI interface, a
TCP-based client/server model. The communication protocols
and application logics necessary for platooning application are
implemented in the OMNeT++ part of Plexe. On the other
hand, different car-following models proposed in the stateof-the-art are implemented in the SUMO part. The dynamic
controller manager has been implemented as a separate module
in Veins. It is designed to perform three major tasks: logging,
monitoring, and taking actions based on monitored state of
c2f and c2l of the controlled vehicle. The onPlatoonBeacon
method implemented in the dynamic controller manager acts
as a bridge between Plexe and dynamic controller manager, and
is invoked every time a platooning vehicle receives a beacon.
A. Simulation Settings
A platoon of length eight has been simulated in presence
of 50 non-platooning vehicles. The non-platooning vehicles
generate interference and increase contention to create a dense
traffic scenario. Most of the communication and controller
parameters have been kept the same as the default Plexe
simulator, as listed in Table II, and these parameters comply
with the IEEE 802.11p standard. The path loss model used
here is Free Space Path Loss (FSPL) model, according to
which the received signal strength is inversely proportional to
the square of the distance. This means that the tail vehicles,
which require packets from the leader to operate in a platoon
using the CACC controller, are likely to experience more
packet losses if the platoon is long. We have simulated the
sinusoidal scenario of Plexe in which the leader accelerates
and decelerates in a sinusoidal fashion with an oscillation
frequency of 0.2 Hz. The configuration parameters for dynamic
controller manager are also listed in Table II. The packet
loss is monitored every 100 ms. In the gap control state, the
inter-vehicle distance is increased by the factor of 0.25 for
both CACC and PLOEG controller in case of fair connection quality. fair and poor connections are dependent on the
number of consecutive packet losses, and these are defined
by nP acketLossF air and nP acketLossP oor parameters respectively in our implementation. We have simulated different

TABLE I: Transition state tables for dynamic controller switching in run-time.
(b) Gap control.

(a) Switching to a lower state.
Initial state
PLOEG
PLOEG
PLOEG
CACC
CACC
CACC
CACC

c2f
poor
poor
poor
well
poor
poor
poor

c2l
well
fair
poor
poor
well
fair
poor

Initial state
PLOEG
PLOEG
PLOEG
PLOEG
CACC
CACC

Final state
ACC
ACC
ACC
PLOEG
ACC
ACC
ACC

(d) Switching to a lower state and gap control.
Initial state
CACC
CACC
CACC

c2f
fair
fair
fair

c2l
well
fair
poor

Final state
PLOEG
PLOEG
PLOEG

dist2Pred
Increase
Increase
Increase

c2f
well
fair
fair
fair
well
well

c2l
poor
well
fair
poor
well
fair

(c) Switching to a higher state.
Initial state
ACC
ACC
PLOEG
CACC

dist2Pred
Default
Increase
Increase
Increase
Default
Increase

c2f
well
well
well
well

c2l
poor
well
well
well

Final state
PLOEG
CACC
CACC
CACC

(e) Switching to a higher state and gap control.
Initial state
ACC
ACC
ACC
ACC
PLOEG

c2f
fair
fair
fair
well
well

c2l
well
fair
poor
fair
fair

Final state
PLOEG
PLOEG
PLOEG
CACC
CACC

dist2Pred
Increase
Increase
Increase
Increase
Increase

TABLE II: Simulation and analysis configuration parameters.

(a) Initial inter-vehicle distance = 5 m

combinations of nP acketLossF air and nP acketLossP oor
values. However, in this paper, we only demonstrate the results
for nP acketLossF air = 2, nP acketLossP oor > 2 and
nP acketLossF air = 3, nP acketLossP oor > 3, i.e., more
than 2 and 3 packet losses are considered as poor connection
in the first and second combination respectively.
B. Results And Analysis
In this section, we analyze the inter-vehicle distance profiles
of platooning vehicles to demonstrate the benefits of the dynamic controller manager over a single controller like CACC or
PLOEG without additional safety measures. The inter-vehicle
distance between two platooning vehicles is calculated as:
di (t) = xi−1 (t) − xi (t) − li−1 ,

(1)

where, xi and xi−1 are the positions of ith vehicle and its
predecessor i − 1 respectively, and li−1 is the length of the
vehicle in the front. In case of a collision with the vehicle in
front, di (t) is considered to be equal to zero.
We have simulated the CACC controller [11] implemented
in Plexe with the simulation settings listed in Table II for
120 seconds with initial inter-vehicle distances of 5 and 10
metres. The resulting distance profiles are depicted in Fig.
2, where, d1 is the inter-vehicle distance between the lead
vehicle, V0 , and the second vehicle, V1 . For CACC spacing of 5
meters, at the 58th second of simulation time, vehicle 5 hits the
vehicle 4 from behind and brings it into a complete standstill,
Fig. 2a. As a result, vehicles 6 and 7 also undergo rear-end
collisions. Vehicles 0-3, on the other hand, keep cruising, and

(b) Initial inter-vehicle distance = 10 m

Fig. 2: Distance profiles, di (t) of vehicles in CACC platoon
mode with no dynamic controller manager in play.
this increases the distance between vehicles 3 and 4 sharply
(the red curve, d4). As the non-colliding vehicles (0-3) move
away from the rest, this platoon of three vehicles becomes more
string stable and can maintain the default 5 meters gap. This
is because all the vehicles are close to the leader and receive
the beacons successfully. Similar behavior can be observed for
initial inter-vehicle distance of 10 meters for CACC controller
as shown in Fig. 2b. As the vehicles 6 and 7 are far away
from the leader, they experience more packet losses due to path
loss effect. At around 95th second of simulation time, vehicle
7 hits the vehicle 6 from behind. The rest of the platooning
vehicles keep moving and maintain the default 10 meters gap,
exhibit string stable behavior. The dynamic controller manager
proposed in this paper detects the packet losses that cause these
collisions and tries to apply the most suitable cruising method
in order to avoid them.
The same scenario as in Fig. 2a has been simulated with

(a) nP acketLossF air = 2, nP acketLossP oor > 2.

(c) nP acketLossF air = 2, nP acketLossP oor > 2.

(b) nP acketLossF air = 3, nP acketLossP oor > 3.

(d) nP acketLossF air = 3, nP acketLossP oor > 3.

Fig. 3: Left column represents the inter-vehicle distance profile of the platoon, and the right column represents the state of
dynamic controller manager for Vehicle 5; ACC spacing = 27.78m, PLOEG spacing = 16.67m, CACC spacing = 5m.

(a) nP acketLossF air = 2, nP acketLossP oor > 2.

(c) nP acketLossF air = 2, nP acketLossP oor > 2.

(b) nP acketLossF air = 3, nP acketLossP oor > 3.

(d) nP acketLossF air = 3, nP acketLossP oor > 3.

Fig. 4: Left column represents the inter-vehicle distance profile of the platoon, and the right column represents the state of
dynamic controller manager for Vehicle 7; ACC spacing = 27.78m, PLOEG spacing = 16.67m, CACC spacing = 10m.
dynamic controller manager which always starts with the
CACC controller with initial inter-vehicle spacing of 5 meters.
The distance profiles, di (t) of the platooning vehicles with
nP acketLossF air values of 2 and 3 are depicted in Figures 3a
and 3b. It is clear from the figures that the dynamic controller
manager avoids the collision at the 58th second that occurred
in Fig. 2a. In order to explain the proactive measures taken
by the controller manager to avoid the collision that is caused
by vehicle 5, we present the state profiles of the vehicle 5 in

Figures 3c and 3d, and zoom in the window between 55-65
s. In Fig. 3c, just before the 58th second, the vehicle is using
CACC controller, and due to 2 packet losses it increases the
gap to the front vehicle. In the meantime, dynamic controller
manager notices 3 packet losses, which is considered as poor
connection, and switches to PLOEG controller at the 58th
second. In Fig. 3d, as the nP acketLossF air threshold is
set to 3, due to 3 packet losses the vehicle just increases
the gap but still can avoid collision. As the vehicle is using

PLOEG controller now, and the connection to the lead vehicle
gets better, it switches back to CACC controller again. This
way, vehicle 5 hovers between PLOEG and CACC controllers
to both minimize the gap and avoid collision. The dynamic
controller manager results corresponding to Fig. 2b with initial
CACC spacing of 10 meters are depicted in Fig. 4. It is apparent
from the figure that the vehicle 7, which caused collision
at the 95th second in Fig. 2b, avoids collision in this case.
During that time, the vehicle switches to PLOEG controller
due to poor connection to the leader, as shown in Fig. 4c. For
nP acketLossF air threshold 3, vehicle 7 switches to CACC
controller due to well connection to both the front and the lead
vehicles. Although the sequence of state changing is different
for different nP acketLossF air values, in both cases vehicle
7 can avoid the collision by switching to PLOEG controller in
time.
Fig. 4 uses a CACC spacing of 10 meters whereas, it is
5 meters in case of Fig. 3. A careful look at these figures
shows that the scenarios represented by Fig. 4 has fewer state
switching than the scenarios in Fig. 3. This is because of
the initial CACC spacing. Whenever vehicle 7 in Fig. 4c or
4d switches to CACC controller, the connection to the leader
becomes bad due to path loss effect, and it switches to PLOEG
controller in the immediate next monitor interval. This is why
most of the time, the vehicles in Fig. 4 use PLOEG controller
as it does not require connection to the leader, and exhibits a
consistent inter-vehicle spacing in comparison to the vehicles in
Fig. 3. Due to shorter CACC spacing (5 meters), the vehicles in
the front of the platoon in Fig. 3 are closer to the leader while
using CACC controller. If the connection to the leader becomes
bad, they switch to PLOEG or CACC + Gap control state.
Thus, these vehicles alternate between CACC and PLOEG
controller quite frequently and maintain a shorter inter-vehicle
distance on an average throughout the simulation time. This
is good from a fuel efficiency point of view. However, from a
safety and string stability point of view, less state switching
and thus consistent inter-vehicle distance like in Fig. 4 is
better. Moreover, Figures 3c, 3d, 4c, 4d exhibit an aggressive
increase in inter-vehicle distance from the very beginning of
the simulation. This is because the non-platooning vehicles
generate interference throughout the simulation time causing
packet losses. The dynamic controller manager successfully
detects these and takes necessary safety measures the whole
time.
V. C ONCLUSIONS
In this paper, we propose a dynamic controller manager as
an instantiation of Runtime Manager concept and simulate its
performance by means of the Plexe simulator. The concept was
also extended by considering both upgradation and degradation
of platoon performance. Simulation results show that there are
collisions in the platoon while the vehicles are moving with
inter-vehicle distances of 5 and 10 meters due to packet losses
in dense traffic scenarios. However, for the same simulation
settings, the platooning vehicles can avoid the collisions by
degrading platoon performance transiently using the dynamic

controller manager. Moreover, it has been observed that better
string stability can be achieved by increasing the packet loss
threshold for controller switching. This also depends on the
inter-vehicle gap and the communication strategy of the used
controllers. Regarding future study, we will investigate the
effectiveness of the dynamic controller manager in emergency
braking scenarios, and take more realistic channel models into
consideration.
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