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Abstract— Previous studies have shown that platooning can 

improve traffic. In particular, platooning can augment the road 

capacity, improve the traffic flow, and reduce emissions. 

However, existing studies do not take into account the impact of 

platooning maneuvers on traffic. Such impact can be particularly 

relevant as platooning will be gradually introduced, and 

automated vehicles will have to coexist with non-automated 

vehicles. Non-automated vehicles can interfere with the execution 

of platooning maneuvers, and hence have an impact on the 

benefits of platooning. In this context, this study analyzes for the 

first time the impact of platooning maneuvers on traffic (flow 

and speed) in mixed traffic scenarios where automated and non-

automated vehicles coexist. The study demonstrates that the 

traffic benefits obtained with platooning can be overestimated if 

platooning maneuvers are not properly modelled and taken into 

account during the analysis.  
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I. INTRODUCTION 

Automated driving will have a major influence in future 
transportation systems and mobility services. Automated 
driving will rely on technologies like Cooperative Adaptive 
Cruise Control (CACC) and platooning. CACC is an evolution 
of Adaptive Cruise Control (ACC) that automates the vehicle 
longitudinal dynamics using radar measurements and 
information received wirelessly from other vehicles. 
Platooning is a driving mode where vehicles drive close to 
each other and form platoons or convoys. The platoons are 
organized and managed using CACC and cooperative wireless 
communications. Previous studies have shown that platooning 
increases the road capacity, and reduces air drag, fuel 
consumption and emissions [1]. The study reported in [2] also 
demonstrated that platooning can almost double the road 
capacity. The study analyzed the impact of platooning on 
traffic considering different penetration rates of platooning and 
various platoon lengths; the length is the maximum number of 
vehicles that can form a platoon.  

The studies that have analyzed the impact of platooning on 
traffic generally simulate traffic scenarios with platoons 
already formed and that never dissolve. The studies do not 
consider the impact that the execution of platooning maneuvers 
might have on traffic. Such impact is partly due to the time 
needed to execute platooning maneuvers. Vehicles involved in 
a platooning maneuver might have to accelerate, decelerate or 

change lanes during the execution of a maneuver that is hence 
not immediate. For example, [3] estimates that the merge of 
two platoons can last more than 15s. The leave maneuver for a 
vehicle in the middle of a platoon can also last more than 7s 
[3]. The duration and execution of a platooning maneuver can 
also be influenced by the interaction of the vehicles involved in 
a maneuver with other surrounding vehicles. Such interaction 
can be particularly relevant if we take into account that the 
introduction of automated driving will be gradual, and 
automated vehicles will need to coexist with automated and 
non-automated vehicles. Such coexistence and the resulting 
interactions can result in that non-automated vehicles interfere 
with platooning maneuvers. For example, the formation of a 
platoon or the merge of two platoons could be interrupted or 
delayed if conventional vehicles place themselves between the 
automated vehicles involved in the maneuver. This effect was 
highlighted in [4] that showed that the formation of a platoon 
can be delayed by more than 20% and 50% respectively under 
medium and heavy traffic conditions. All these results 
highlight that traffic will have an impact on platooning 
maneuvers, but these maneuvers will also impact, and even 
disturb, the driving conditions of conventional or non-
automated vehicles. Existing studies have not jointly 
considered all these effects when quantifying the benefits of 
platooning. This study advances then the existing state of the 
art by presenting what is to the authors’ knowledge the first 
study that quantifies the impact of platooning maneuvers on the 
traffic flow and speed. This impact is quantified by comparing 
the traffic flow and speed experienced with and without 
simulating platooning maneuvers. In the first case, automated 
vehicles execute platooning maneuvers to form, merge and 
dissolve platoons. In the second case, platoons enter the 
simulations already formed, and automated vehicles do not 
execute any platooning maneuvers. The impact of platooning 
maneuvers is analyzed under mixed traffic scenarios where 
automated and conventional vehicles coexist. The study 
considers varying percentages of automated vehicles in the 
scenario and different traffic densities. The study has been 
conducted using PERMIT [5], a SUMO-based platooning 
simulator developed by the authors and that is available in an 
open-source repository1. 

The rest of this paper is organized as follows. Section II 
reviews existing studies that analyze the impact of platooning 
on traffic. Section III presents the PERMIT simulation 
platform and the implemented platooning maneuvers, and 
discusses the interference that non-automated vehicles can 

1 https://github.com/susomena/PERMIT 
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produce to these maneuvers. Section IV describes the 
experimental set up and the evaluation conditions under which 
this study has been conducted. Section V quantifies the impact 
of platooning maneuvers on the traffic flow and speed, and 
Section VI summarizes the main contributions of this study. 

II. RELATED WORK 

Several studies have analyzed the impact of automated 
driving on the traffic flow. For example, [6] and [7] evaluate 
the impact of CACC in mixed traffic scenarios where vehicles 
with CACC coexist with conventional vehicles. The study 
reported in [6] concludes that CACC can almost double the 
road capacity when all vehicles are equipped with CACC. The 
capacity gains that CACC can provide depend on the 
penetration rate of the technology. CACC can also increase the 
traffic speed. In fact, [7] demonstrates that CACC can increase 
the average traffic speed by 10% under high traffic conditions. 

Platooning can also have a positive impact on traffic. This 
is for example highlighted in [8] where the authors study the 
string stability of platoons and the impact of platooning on the 
traffic flow. The study demonstrates in a highway scenario that 
platooning can increase the road capacity by more than 30% 
when all vehicles are connected and automated. Smaller gains 
are observed under mixed traffic scenarios where automated 
vehicles coexist with non-automated vehicles. Similar 
conclusions were obtained in [9] where the authors evaluate the 
impact of platooning on the road capacity and the traffic speed. 
The study models platoons as long vehicles with the length 
determined by the number of vehicles in the platoon and the 
gaps between them. The study demonstrates that platooning 
augments the road capacity. The gains increase with the length 
of the platoons and the percentage of automated vehicles in the 
scenario. For example, [9] reports that platooning can augment 
the road capacity by 8.6% when 10% of the vehicles are in 
platoons of 6 vehicles. The improvement in road capacity 
augments to 18.6% when the percentage of vehicles in a 
platoon is 20%, and to 9.7% when the length of platoons is 
equal to 9. [9] shows that platooning also improves the traffic 
speed. The authors estimate that the traffic speed can increase 
by 25% if 20% of the vehicles are in platoons and the length of 
the platoons is equal to 9 vehicles. Another interesting study is 
reported in [2] where the authors analyze the impact of ACC 
and platooning on the traffic flow and the traffic shock waves. 
The authors conclude that while ACC can decrease the road 
capacity because of its high time headways, platooning 
increases the road capacity even if platoons are short and the 
percentage of vehicles in platoons is small. The authors show 
in a ring road scenario with a fixed traffic density of 36veh/km 
that platooning can almost double the traffic flow if 80% of the 
vehicles drive in platoons with eight vehicles. The same study 
also concludes that ACC eliminates traffic shock waves at the 
expense of slightly decreasing the speed. On the other hand, 
platooning can increase the traffic speed at the expense of 
slightly increasing the traffic shock waves. In particular, the 
study estimates that platooning can increase the average traffic 
speed by 83% when 80% of vehicles drive in platoons. 
However, the distribution of speeds is more scattered with 
platooning than with ACC.  

Platooning might initially be introduced on heavy-duty 
vehicles. The study reported in [4] shows that platoons of 
heavy-duty vehicles also have a positive impact on the road 
capacity and the fuel efficiency of light-weight vehicles even if 
heavy-duty vehicles only represent 10% of the traffic in a 
highway. Like in previous studies, this analysis was conducted 
considering that platoons were already formed when entering 
the simulation scenario. However, [4] also investigated the 
impact of mixed traffic on the formation of platoons. 
Conventional vehicles can interfere with the formation of a 
platoon if they are placed between the automated vehicles that 
want to form a platoon. [4] quantifies the impact of this 
interference, and demonstrates that conventional or non-
automated vehicles can increase the time needed to form a 
platoon by more than 20% and 50% under medium and dense 
traffic conditions respectively. This result clearly demonstrates 
that traffic interferes with the execution of platooning 
maneuvers. This can in turn have an impact on the traffic flow 
and speed improvements brought by platooning. However, this 
impact has not been studied before since all studies that 
quantified the traffic flow and speed benefits of platooning 
have been conducted without simulating platooning maneuvers 
(i.e. platoons enter the simulation already formed and never 
dissolve). This approach can overestimate the gains obtained 
with platooning. In this context, this study advances the current 
state of the art by presenting what is to the authors’ knowledge 
the first study that quantifies the impact of platooning 
maneuvers on the traffic flow and speed. 

III. PERMIT AND PLATOONING MANEUVERS 

This study is performed using PERMIT, an open-source 
platooning simulator developed by the authors [5]. The 
simulator uses the open-source microscopic traffic simulator 
SUMO [10] and its platooning extension Plexe [11]. PERMIT 
can simulate platooning maneuvers in mixed traffic scenarios. 
In particular, PERMIT simulates the join, merge, leave and 
split platooning maneuvers. During the join maneuver, an 
automated vehicle joins an existing platoon or forms a new 
platoon together with another automated vehicle. The vehicle 
joining can be located behind, in parallel, or in front of the 
platoon. In these cases, the vehicle joins the platoon at the tail, 
in the middle or at the front of the platoon, respectively. In the 
latter case, the vehicle joining becomes the new platoon leader. 
Two platoons can merge and form a larger platoon using the 
implemented merge maneuver. In the case that both platoons 
drive in the same lane, the rear platoon catches the front 
platoon. On the other hand, if both platoons drive in parallel 
lanes, they merge into a single lane. One or more vehicles can 
leave an existing platoon using the leave maneuver. A vehicle 
may want to leave a platoon if its route does not coincide with 
the route of the platoon leader. The current implementation can 
execute the maneuver independently of whether it is the leader 
that leaves the platoon or a follower. The split maneuver is 
used to break up a platoon and form two or more new platoons. 
The implementation in PERMIT of all these maneuvers 
follows the contributions reported in [3] and [12]. The reader is 
referred to [5] for a more detailed presentation of PERMIT and 
the implemented maneuvers.  
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The execution of platooning maneuvers must take into 
account the traffic context. In fact, a platooning maneuver can 
require vehicles to accelerate, decelerate or change lanes. 
These actions can disturb the driving conditions of nearby 
vehicles. Nearby vehicles can also interfere with a platooning 
maneuver and delay its execution. To account for all these 
conditions, the platooning maneuvers implemented in PERMIT 
are executed if: 

 The relative distance between platoons or automated 
vehicles involved in a maneuver does not exceed a 
maximum predefined distance. 

 The relative speed between platoons or automated vehicles 
involved in a maneuver does not exceed a maximum 
predefined value. 

 The total number of vehicles in the platoon (or platoon 
length) at the end of a maneuver does not exceed a 
maximum predefined value. 

 No other vehicle (conventional or automated) or platoon 
obstructs a maneuver and represents a risk for its safe 
execution. A vehicle represents an obstacle for a platooning 
maneuver if it is in the trajectory of any of the vehicles 
participating in the maneuver. 

A platooning maneuver is aborted if any of these conditions 
is not guaranteed. Of particular interest to this study is the last 
condition that refers to scenarios in which vehicles interfere 
with the execution of a platooning maneuver. Such interference 
can delay the successful execution of the maneuver or limit the 
length of platoons, and both effects will impact the traffic flow 
and speed. A join or merge maneuver between two automated 
vehicles or platoons driving on the same lane can be interfered 
if there is a vehicle in between the automated vehicles or 
platoons involved in the maneuver. When the automated 
vehicles or platoons involved in the join or merge maneuver 
drive in different lanes, the rear vehicles or platoons change 
lanes when they catch the front vehicles or platoons. This 
maneuver can be interfered if there is a conventional vehicle 
behind the front automated vehicle or platoon, and the gap 
between this vehicle and the front automated vehicle or platoon 
is not sufficient for the rear automated vehicles and platoons to 
change the lane. This risk of interference increases with the 
length of the rear platoon. A leave or split maneuver can also 
require vehicles to change lanes in order to leave a platoon. In 
this case, a vehicle can interfere with this maneuver if it is 
located in parallel to the vehicle that wants to leave the platoon.  

IV. EXPERIMENTAL SETUP 

This study considers a ring road scenario (like in [2]) with a 
length of 10km and two lanes. The study has been conducted 
for two traffic densities (36veh/km and 60veh/km) and various 
percentages of automated vehicles in the scenario (from 0% to 
100%). The selection of which vehicles are automated is 
randomized. The road has ten edges that can represent the 
origin or destination of the simulated vehicles, and all vehicles 
have random routes. This modelling approach ensures that 
automated vehicles will perform different platooning 
maneuvers during the simulations, and that they will encounter 

a varying number of vehicles during the execution of the 
maneuvers.  

The mobility of conventional vehicles is modeled using the 
default configuration in SUMO: the longitudinal and lateral 
dynamics of vehicles are modelled with the Krauss car-
following [13] and LC2013 lane-changing [14] models 
respectively. In this study, the Krauss car-following model has 
been set up with a time headway of 1s. The lateral dynamics of 
automated vehicles is also modeled using the LC2013 lane-
changing model. Several models are used to implement the 
longitudinal dynamics of automated vehicles. Platoon leaders 
and automated vehicles driving outside a platoon use the ACC 
model implemented in Plexe and defined in [15]. The ACC 
model is configured with a time headway of 1.4s following [2]. 
Automated vehicles driving inside a platoon follow the leader, 
and use the California PATH CACC model implemented in 
Plexe and defined in [15]. This CACC model is configured to 
maintain a gap of 5m with the front vehicle as in [2]. The 
maximum number of vehicles in a platoon (or platoon length) 
has been set up equal to 8 vehicles following the conclusions 
presented in [2]. This study showed that larger platoons do not 
significantly increase the road capacity. 

The objective of this study is to analyze the impact of 
platooning maneuvers on the traffic flow and speed. As a 
result, the following benchmark simulations have been 
executed: 1) simulations with 0% of automated vehicles in the 
scenario (i.e. simulations without platoons), and 2) simulations 
with platoons of maximum length that enter the simulation 
already formed and never execute a maneuver during the entire 
simulations (i.e. simulations without platooning maneuvers). 

V. RESULTS 

Fig. 1 analyzes the impact of platooning maneuvers on the 
traffic flow and speed. The analysis has been conducted for 
two traffic densities and different percentages of automated 
vehicles in the scenario. Fig. 1 represents the traffic flow and 
speed measured with and without simulating platooning 
maneuvers. In the first case, automated vehicles execute 
platooning maneuvers to form, merge and dissolve platoons. In 
the second case, automated vehicles do not execute platooning 
maneuvers, and the platoons enter the simulation already 
formed. Fig. 1 clearly shows that platooning maneuvers have 
an impact on the traffic, and that it is necessary to take 
maneuvers into account when analyzing the future impact of 
automated driving on traffic. In fact, Fig. 1 shows that the 
benefits of platooning are overestimated if they are quantified 
without considering the impact of platooning maneuvers. To 
the authors’ knowledge, this is the first study that quantifies 
such benefits taking into account the effect of platooning 
maneuvers on traffic. 

Section III discussed platooning maneuvers and the 
conditions that must be met for the maneuvers to be executed 
successfully. If the maneuvers are executed under the presence 
of other vehicles (automated or not), the vehicles involved in a 
platooning maneuver will have to interact with these vehicles. 
It is possible that such interactions result in a failed platooning 
maneuver if for example the safety gaps between vehicles are 
not respected. This interaction and possible interferences 
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explain the differences observed in Fig. 1 between the 
scenarios in which platooning maneuvers are simulated and 
those in which they are not. The interferences generated by 
neighboring vehicles resulted in that many platooning 
maneuvers could not be executed, and the platoons generally 
failed to reach their maximum length (especially for low 
percentages of automated vehicles in the scenario). This is 
actually observed in Fig. 2 that depicts the distribution of 
platoon lengths for different rates of automated vehicles in the 
scenario2. Fig. 2 shows that the interaction between vehicles 
involved in platooning maneuvers and other vehicles result in 
that platoons cannot achieve their maximum length (eight). 
Fig. 2 also shows that when the percentage of automated 
vehicles in the scenario is small, most of the platoons have 

                                                           
2 Fig. 2 corresponds to the scenario implementing platooning maneuvers and 

that is marked as ‘with maneuvers’ in Fig. 1. The results marked ‘without 
maneuvers’ in Fig. 1 correspond to the scenario where platoons enter the 

simulation already formed, and automated vehicles do not execute any 

platooning maneuvers during the simulation. In this case, the length of the 
platoons is always equal to 8. 

only two vehicles. When this percentage increases, the number 
of vehicles per platoon increases, and larger platoons become 
more frequent than smaller ones. However, even if all vehicles 
in the scenario are automated, most of the platoons will still 
have less than eight vehicles under the simulated scenario3. 
The interference generated by neighboring vehicles also causes 
that some automated vehicles are never able to join or form 
platoons during the simulations. This is illustrated in Fig. 3 that 
represents the percentage of automated vehicles that never 
joined a platoon. This percentage is high when the rate of 
automated vehicles in the scenario is small since the 
probability of finding more than one automated vehicle at the 
same location or area is small. This probability significantly 
increases with the percentage of automated vehicles in the 
scenario. However, Fig. 3 shows that there are still many 
automated vehicles unable to join platoons when the 
percentage of automated vehicles in the scenario is large. The 

                                                           
3 The conducted simulations randomize the origin and destination of platoons. 

As a result, vehicles join and leave platoons during the simulations. These 

maneuvers and the interaction with neighbor vehicles explain why it is 
difficult to achieve the maximum platoon length.  

 
(a) Traffic density of 36veh/km 

 
(b) Traffic density of 60veh/km 

Fig. 2. Distribution of platoon lengths for different percentage of automated 

vehicles in the scenario.  

 
(a) Traffic Flow 

 
(b) Traffic Speed 

Fig. 1. Impact of platooning maneuvers on traffic as a function of the 

percentage of automated vehicles in the scenario. Results are shown for traffic 

densities of 36veh/km and 60 veh/km. 
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trends reported in Fig. 2 and Fig. 3 explain the differences 
observed in Fig. 1, and why studies can overestimate the 
positive impact of platooning on traffic if they do not take into 
account platooning maneuvers.  

Fig. 1 shows that platooning generally improves the traffic 
flow and speed. For example, Fig. 1 shows that the traffic flow 
and speed increase by 22% and 71.5% when there are 20% and 
80% respectively of automated vehicles in the scenario (and 
platooning maneuvers are not simulated) compared to the 
scenario without automated vehicles. These results are in line 
with those reported in [2] where the authors estimate that 
platooning can increase the traffic flow and speed by 20% and 
75% when the penetration rate of automated vehicles is 20% 
and 80% respectively. However, these results are optimistic 
since they do not consider the impact of platooning maneuvers 
in traffic. In fact, Fig. 1 shows that when such impact is 
considered (results labelled ‘with maneuvers’ in Fig. 1), 
platooning will not improve the traffic until 20% of vehicles 
are automated. With only 10% of automated vehicles in the 
scenario, Fig. 1 shows that platooning slightly degrades the 
traffic flow and speed (‘with maneuvers’ in Fig. 1) compared 
to the case in which there are no automated vehicles. This is 
the case because the likelihood of creating platoons is low 
when the percentage of automated vehicles is small. In this 
scenario, the size of the platoons is also small, which reduces 
the benefits of platooning. Platooning maneuvers further 
compromise these benefits since there is a high probability that 
a platooning maneuver will be negatively affected by 
surrounding vehicles if most of these vehicles are not 
automated. In addition, the maneuvers have also an impact on 
the traffic experienced by a large number of vehicles if these 
vehicles are not automated and hence their driving cannot be 
coordinated with the execution of a platooning maneuver. 

Fig. 1 also shows that platooning maneuvers have a similar 
effect on the traffic flow and speed for various traffic densities. 
However, the differences observed when taking into account or 
not the platooning maneuvers decrease with the traffic density. 
For example, considering platooning maneuvers reduces the 
average 4  traffic flow and speed by 11.5% when the traffic 
density is equal to 36veh/km. The reduction4 is equal to 9.4% 
and 6.2% respectively when the traffic density is equal to 
60veh/km. Higher traffic densities reduce the possibility to 
execute maneuvers for any type of vehicle (whether automated 

                                                           
4 Average across all percentages of automated vehicles. 

or not). This explains why the impact of implementing 
platooning maneuvers reduces with the traffic density. 

The results depicted in Fig. 1 show that platooning 
maneuvers always reduce the traffic flow and speed 
independently of the percentage of automated vehicles in the 
scenario. The differences observed in Fig. 1 between the 
simulations implementing or not platooning maneuvers vary 
between 5% and 15%. In particular, the difference observed for 
the traffic flow decreases from 15% with a low percentage of 
automated vehicles to 5% when the percentage increases. This 
trend is actually due to the impact of the percentage of 
automated vehicles in the scenario on the length of platoons 
(Fig. 2). Fig. 2 shows that the length of platoons augments with 
the percentage of automated vehicles in the scenario. Larger 
platoons improve the traffic flow which explains why the 
traffic flow differences observed in Fig. 1 decrease with the 
percentage of automated vehicles in the scenario. The 
maximum platoon length has been set up in this study 
following [2]. This study showed that augmenting the number 
of vehicles in a platoon increases the traffic flow until a 
maximum size of eight vehicles per platoon5. The conclusions 
in [2] were obtained without considering the impact of 
platooning maneuvers on traffic. Fig. 2 shows that when such 
maneuvers are simulated, the size of the platoons varies with 
the rate of automated vehicles in the scenario but is always far 
from reaching the maximum possible length (eight). In fact, the 
majority of platoons have less than eight vehicles 
independently of the rate of automated vehicles in the scenario. 
Even if all vehicles are automated, Fig. 2 shows that less than 
40% of the platoons are made up of eight vehicles. Despite the 
variations observed in Fig. 2, the impact of platooning 
maneuvers on the traffic flow and speed (Fig. 1) does not vary 
largely with the percentage of automated vehicles in the 
scenario. On the other hand, the values of the traffic flow and 
speed are significantly influenced by the percentage of 
automated vehicles in the scenario. The impact on traffic of the 
length of platoons seems hence to be less important than other 
parameters like the percentage of automated vehicles. In any 
case, it is still an open question what is the optimum platoon 
length when taking into account the platooning maneuvers and 
their impact on traffic. 

VI. CONCLUSION 

This study has analyzed for the first time the impact of 
platooning maneuvers on the traffic flow and speed in mixed 
traffic scenarios where automated and non-automated vehicles 
coexist. The study has been conducted using the open-source 
platooning simulator PERMIT developed by the authors and 
openly released to the community [5]. The obtained results 
demonstrate that platooning maneuvers have a relevant impact 
on the traffic flow and speed, and that studies that do not take 
into account platooning maneuvers overestimate the traffic 
benefits provided by platoons. The impact is higher with lower 
penetration rates of platooning since more conventional 
vehicles can interfere with the execution of platooning 
maneuvers, and the length of platoons is reduced.  

                                                           
5 Higher gains were reported in [2] when the length augments from 2 to 4 
vehicles than from 4 to 8 vehicles. 

 
Fig. 3. Percentage of automated vehicles that never joined a platoon. 
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