
  

 

Abstract— Automated driving will have a major impact on 

traffic. The impact can be particularly relevant under mixed 

traffic scenarios where automated vehicles will coexist with 

conventional and connected vehicles. In these scenarios, non-

automated vehicles can obstruct automated driving maneuvers, 

and the maneuvers can influence the mobility of non-

automated vehicles. Studies are hence necessary to understand 

the impact on traffic of a gradual introduction of automation. 

This paper contributes towards this objective by presenting 

PERMIT, an open-source platooning simulator based on 

SUMO and its platooning extension Plexe. PERMIT extends 

the current state of the art by simulating platooning maneuvers 

in mixed traffic scenarios where automated and non-automated 

vehicles coexist. PERMIT currently implements (as finite state 

machines) the join, merge, leave, split and leader leave 

maneuvers. This paper publicly releases PERMIT to the 

community.  

Keywords—Platooning, CACC, maneuvers, autonomous 

driving, automated driving, simulation, SUMO, open-source, 

Plexe, mixed traffic scenarios. 

I. INTRODUCTION 

Automated driving will have a major influence in future 
transportation systems and mobility services. The 
introduction of automation in vehicles will be gradual with 
some of the first innovations including Cooperative Adaptive 
Cruise Control (CACC) and platooning. CACC is an 
extension of Adaptive Cruise Control (ACC) that automates 
the vehicle’s longitudinal control. To this aim, CACC 
complements radar measurements with information 
wirelessly received from other vehicles. Platooning is the 
organization of vehicles in groups, convoys or platoons 
where vehicles drive close to each other to augment the 
capacity of the road network and reduce air drag, fuel 
consumption and emissions [1]. Platoons use CACC and 
wireless communications to organize convoys and manage 
platooning maneuvers. Platoons include a lead vehicle that 
can control the formation and management of the platoon.  

Several studies have analyzed the impact of automated 
driving on traffic. For example, [2] studies the impact of 
platooning on traffic under mixed traffic scenarios where 
automated and non-automated vehicles coexist. The report 
presented in [3] analyzes the impact of CACC on travel 
times. Existing studies provide important insights into the 
impact of automated driving. However, they do not consider 
the impact of automated driving maneuvers. Such maneuvers 
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can have a significant impact since automated vehicles will 
have to coexist with conventional and connected vehicles for 
quite some time. Estimating the impact of automated driving 
maneuvers on traffic requires simulation platforms capable of 
realistically simulating such maneuvers. The platforms must 
be able to simulate the execution of the maneuvers also under 
mixed traffic scenarios where different types of vehicles will 
coexist. In these scenarios, non-automated vehicles could 
obstruct automated driving maneuvers. The maneuvers could 
also influence the dynamics of non-automated vehicles. 
Several studies have reported platforms for simulating 
platooning and CACC. However, the existing platforms have 
limitations to simulate platooning maneuvers. This paper 
progresses the current state of the art by presenting PERMIT, 
a new SUMO-based platooning simulator that can simulate 
platooning maneuvers in mixed traffic scenarios. PERMIT 
currently implements the join, merge, leave, split and lead 
platooning maneuvers. All maneuvers are implemented using 
finite state machines (FSM). The simulator uses the open-
source microscopic traffic simulator SUMO [4] and its 
extension Plexe [5]. PERMIT implements all the logic 
needed to execute platooning maneuvers without requiring 
any changes in an existing Plexe scenario. PERMIT is open-
source and we release the code with this paper on a public 
repository1. 

The rest of this paper is organized as follows. Section II 
reviews the existing platooning and CACC simulators. 
Section III introduces SUMO and Plexe, and describes the 
main components of PERMIT. Section IV describes the 
implemented platooning maneuvers and their FSMs. Section 
V discusses the validation of PERMIT, and Section VI 
summarizes the main contributions of this study. 

II. RELATED WORK 

Hestia [6] is one of the first platooning simulators. It 
simulates most of the vehicle’s dynamics and sensors, but 
does not implement platooning maneuvers and cannot 
simulate mixed traffic scenarios. Similar limitations 
characterize the simulators presented in [7] and [8]. The 
simulator in [7] is an extension of SUMO for platooning 
simulation but is not publicly available. It implements CACC 
as a car-following model, and simulates inter-vehicle 
communications. Communications is also the focus of the 
platooning simulator presented in [8] that authors use to 
analyze the effect of communications on the string stability 
of a platoon.  

Several CACC and platooning platforms have been 
developed that can simulate mixed traffic scenarios but not 
automated driving maneuvers. This is the case of the 
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simulator presented in [9]. The simulator implements the 
MIXIC stochastic microscopic traffic model and assumes 
vehicles are capable to communicate. The authors used the 
simulator to analyze the impact of CACC on traffic flows. 
[10] presents a related study where the authors analyze the 
impact of CACC on the road capacity. The simulator models 
automated and non-automated vehicles on the AIMSUN 
microscopic traffic simulator, but does not implement 
automated driving maneuvers. VISSIM is the simulator 
utilized in [3] to study the impact of CACC on travel times in 
mixed traffic scenarios. To the authors’ knowledge, the 
simulations did not take into account the effect of automated 
driving maneuvers. The platooning simulator used in [2] 
models mixed traffic scenarios with automated and non-
automated vehicles. The authors investigate the impact of 
platooning on traffic, but the simulator does not implement 
platooning maneuvers. In fact, the platoons are already 
formed when they enter the simulation, and never dissolve or 
execute any other maneuver.  

Plexe [5] is currently the most relevant open-source 
platooning extension for SUMO [4]. Plexe implements 
different CACC car-following models, and simulates wireless 
communications for CACC and platoon management. Plexe 
can implement platooning maneuvers, but it currently only 
includes a join maneuver that is available in a branch of its 
repository2. Plexe provides the tools needed to simulate 
mixed traffic scenarios. Plexe and SUMO are the reference 
platforms for creating PERMIT given their characteristics 
and potential. PERMIT adds to Plexe and SUMO the 
capacity to simulate platooning maneuvers, in particular the 
join, merge, leave, split and leader leave maneuvers. The 
maneuvers are implemented following key state of the art 
contributions such as [11] and [12]. The study reported in 
[11] presents a simulator to manage platoons using the 
SUMO-based platform VENTOS. The simulator implements 
different platooning maneuvers that are used as a reference to 
build PERMIT. The main objective is to evaluate the 
maneuvers, the CACC controllers, and the impact of wireless 
communications on the maneuvers. Since the impact of 
platooning maneuvers on traffic is not an objective of [11], 
the platform does not simulate mixed traffic scenarios like in 
[12] and [13]. In [12], the authors implement platooning 
maneuvers for a vehicle to join an existing platoon and for 
two platoons to merge. [13] uses Finite State Machines 
(FSM) to create platooning maneuvers. Unfortunately, the 
paper does not provide sufficient details to be able to 
implement the maneuvers using their FSMs. 

III. SIMULATION ENVIRONMENT 

PERMIT is a Python program that implements platooning 
maneuvers in mixed traffic scenarios with automated and 
non-automated vehicles. PERMIT uses Plexe-SUMO to 
simulate the traffic. Fig. 1 depicts the architecture of 
PERMIT, and the next sub-sections describe its different 
modules. 

 
2https://github.com/michele-segata/plexe-veins/tree/plexe-2.0-join-

example  

A. SUMO 

SUMO [4] is an open-source microscopic traffic 
simulator. The simulations in SUMO are continuous in space 
and discrete in time. SUMO models the road network and the 
traffic demand. A user can create a road network in SUMO 
using a graph where nodes represent intersections and edges 
represent road segments. Alternatively, the road network can 
be imported from an external source. The traffic demand is 
defined as a series of traffic flows consisting of a stream of 
vehicles with a common origin and destination. SUMO also 
allows users to generate and configure individually each 
vehicle in a simulation. In fact, SUMO controls every vehicle 
individually, and every vehicle has its own route and vehicle 
type. The vehicle type includes the car-following model that 
determines the longitudinal dynamics of the vehicle, and the 
lane-changing model that determines its lateral dynamics. 
Our current implementation uses the default car-following 
(Krauss [14]) and lane-changing (LC2013 [15]) models for 
non-automated vehicles. However, this can be changed when 
creating the traffic demand for a particular scenario. 

B. Plexe 

Plexe [5] defines extensions for the SUMO traffic 
simulator (Plexe-SUMO) and for the wireless communication 
simulator Veins (Plexe-Veins). Plexe-SUMO is a version of 
SUMO that implements new car-following models for the 
longitudinal dynamics of vehicles with an ACC or CACC 
controller. Plexe-SUMO uses the ACC controller introduced 
in [16], and implements three CACC models referred to as 
California PATH, Ploeg and Consensus. The three models 
are described in detail in [16], [17] and [18] respectively. 
PERMIT uses the Krauss car-following model to simulate 
non-automated vehicles, and by default the California PATH 
CACC model for the longitudinal control of vehicles in a 
platoon. However, users can change the CACC model when 
creating a new scenario. Similarly, users can change the lane-
changing model that PERMIT implements by default (the 
LC2013 model). Plexe-Veins simulates IEEE 802.11p-based 
cooperative or C-ITS communications between vehicles. 
Simulating the exact V2X protocols and messages exchanged 
between vehicles is not critical to analyze at large scale the 
impact of automated driving on the traffic. As a result, 
PERMIT simplifies the communications between vehicles in 
order to reduce the simulation time. In particular, PERMIT 
does not simulate inter-vehicle communications, and assumes 
that all vehicles within a given range (this range is a 
parameter introduced when executing PERMIT) can 
communicate without errors. Consequently, PERMIT does 
not use Plexe-Veins. 

TraCI
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CF models:
 Legacy
 ACC
 CACC (California Path)
 CACC (Ploeg)
 CACC (Consensus)

SUMO Scenario

Road network Traffic demand

PERMIT

Platoon module
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Maneuver functions:
 Join-Merge
 Leave-Split
 Leader leave

 
Figure 1.  PERMIT architecture. 
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C. TraCI 

TraCI (Traffic Control Interface) is an interface for 
connecting to a SUMO simulation (using TCP), and for 
obtaining or modifying values of the simulated objects. 
PERMIT uses TraCI to obtain variables of the vehicles (e.g. 
speed, position and acceleration) required by the ACC and 
CACC controllers. PERMIT also uses TraCI to get the list of 
vehicles in the simulation. Using this list, PERMIT access all 
the data necessary from each vehicle (e.g. position, speed and 
lane) to manage platoons and perform platooning maneuvers 
safely. The authors of Plexe give some examples of how 
TraCI can be used from Python to access a Plexe-SUMO 
simulation with Plexe-Veins being disabled. These examples 
are available in an open-source repository3. We have used 
these examples as a starting point to develop PERMIT. 

IV. PLATOONING MANEUVERS 

This section describes the platooning maneuvers 
implemented in PERMIT following the architecture 
illustrated in Fig. 1. PERMIT implements the join, merge, 
leave, split and leader leave maneuvers. The simulator 
models every automated vehicle that does not belong to a 
platoon as a platoon of just one vehicle. In this case, the 
implemented maneuvers can model most platooning 
maneuvers. For instance, a platoon is formed by merging 
platoons of one vehicle each. Most of the maneuvers are 
implemented as Finite State Machines (FSM) following the 
contributions in [11]-[13] and [19]. PERMIT controls the 
movement of platoon leaders using an ACC controller, and 
the movement of platoon followers or members using a 
CACC controller. The following sub-sections detail the 
implementation of the maneuvers and their interaction with 
non-automated vehicles. 

A. Join and merge maneuvers 

The join-merge function in PERMIT executes the:  

 Join maneuver: a vehicle joins an existing platoon. 
The vehicle can be located behind, in parallel, or in 
front of the existing platoon. In the latter case, the 
vehicle joining the platoon will become the platoon 
leader.  

 Merge maneuver: merge of two (or more) existing 
platoons. If the two platoons circulate on the same 
lane, the rear platoon catches the front platoon. If 
they circulate in parallel lanes, both platoons merge 
into a single lane. 

At every time step of the simulation, all automated 
vehicles (modeled as platoons with just one vehicle) and 
platoons check if they can merge with another platoon. 
Vehicles and platoons initiate a join or merging maneuver if: 

 The distance between platoons does not exceed a 
maximum distance introduced as a parameter to the 
simulator. 

 The total number of vehicles in the merged platoon 
does not exceed a maximum value introduced as a 
parameter to the simulator. 

 
3 https://github.com/michele-segata/plexe-python-demo 

 The relative speed between both platoons does not 
exceed a maximum value introduced as parameter to 
the simulator. 

 No other vehicle (automated or non-automated) or 
platoon obstructs a merge maneuver. A vehicle 
obstructs a merge maneuver if it is in the trajectory of 
any of the vehicles involved in the maneuver. If other 
vehicles obstruct the maneuver, the platoons abort 
the maneuver as suggested in [19].  

The rest of this section focuses on merge maneuvers since 
PERMIT implements the join maneuver as a particular case 
of the merge maneuver where automated vehicles behave like 
a platoon of one vehicle. Fig. 2 illustrates a merge maneuver 
between two platoons. i indicates the position of a vehicle in 
the platoon. The position of the platoon leader is equal to 0. 
Vehicles within a platoon maintain a desired gap (d in Fig. 2) 
with their vehicle in front. Fig. 2.a. represents the position of 
vehicles in the two separate platoons. When a merging 
maneuver starts, the simulator identifies first the new platoon 
leader and the position of vehicles in the merged platoon 
(Fig. 2.b.). The position is determined following the location 
of the front bumper of each vehicle. Vehicle 1 is a platoon 
follower in Fig. 2.b. but was a platoon leader in Fig. 2.a. As a 
result, it must change its controller to CACC at the start of 
the merge maneuver. At the same time, the leader of the new 
platoon decides the lane in which the merged platoon will 
circulate (desired lane). Currently, PERMIT defines that the 
platoon chooses the leftmost lane if vehicles travel at the 
road’s maximum speed and the rightmost lane otherwise. 
Following the order identified in Fig. 2.b., vehicle 1 must 
change its lane and follow vehicle 0 in the left lane. To this 
aim, vehicle 1 decelerates until it is at a distance equal to safe 
gap (s in Fig. 2) to vehicle 0 as illustrated in Fig. 2.c. The 
safe gap is introduced as a parameter of the simulator. Its 
objective is to ensure vehicles safely change lanes. When the 
distance between vehicles 0 and 1 is equal to the safe 
distance, vehicle 1 stops the deceleration and maintains the 
same speed as vehicle 0. Vehicle 2 starts then decelerating 
until its distance to vehicle 1 is equal to safe gap (Fig. 2.d.). 
Vehicle 1 safely changes the lane (Fig. 2.e.), and vehicle 3 
starts decelerating in order to increase the distance to vehicle 
2 and conduct a similar maneuver to that conducted by 
vehicle 1. Vehicles 1 and 2 then accelerate to reduce the 
distance to vehicles 0 and 1 respectively to desired gap (Fig. 
2.f.). The implemented maneuver prevents all vehicles 
breaking at the same time to open a safe gap to their front 
vehicle. This increases the time needed to execute the merge 
maneuver but avoids excessive decelerations at the tail of the 
platoon and increases safety and comfort in the maneuver 
[12]. Fig. 3 illustrates this effect by comparing the evolution 
of the speed of vehicles involved in a merge maneuver like 
the one illustrated in Fig. 2. Fig. 3 has been obtained using 
PERMIT. 

Fig. 4 represents the FSMs implemented for platoon 
leaders and followers in order to execute the merge maneuver 
illustrated in Fig. 2. The FSMs have been created following 
indications reported in [11] and [12]. Two states define the 
dynamics of platoon leaders (Fig. 4.a): 
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 IDLE: Platoon leaders are always in IDLE state 
except when a merge starts. In this case, leaders 
move to the MANEUVER state. 

 MANEUVER: A platoon leader analyzes if it needs 
to change the lane to execute the maneuver. If it is 
the case, the leader changes the lane (when it is safe, 
i.e. no other vehicle obstructs the maneuver) and 
returns to IDLE state. If the change is not necessary, 
the leader automatically returns to IDLE state. 

Fig. 4.b. represents the FSM for platoon followers that is 
next explained using the example in Fig. 2: 

 IDLE: vehicles are in IDLE state if there is no active 
maneuver. When a maneuver starts, vehicles change 
their controller to CACC if necessary. Such change is 
for example necessary when the vehicle was 
previously a leader and becomes a follower during 
the merge maneuver (vehicle 1 in Fig. 2.b). Vehicles 
move then to the WAITING state. 

 WAITING: If the vehicle is the first vehicle behind 
the platoon leader (vehicle 1 in Fig. 2.b.), it directly 
moves to the GOING TO POSITION state. If not, 
vehicles maintain a desired gap with their front 
vehicle and wait until the vehicle in front has moved 
from GOING TO POSITION to CHECK LANE. 
When this happens, the vehicle moves to GOING TO 
POSITION. 

 GOING TO POSITION: The vehicle decelerates and 
increases the distance to its front vehicle. The vehicle 
changes to the CHECK LANE state when such 
distance is equal to safe gap.  

 CHECK LANE: If the vehicle must change the lane 
in the merging maneuver (e.g. vehicle 1 in Fig 2.d), it 
waits until its rear vehicle (e.g. vehicle 2 in Fig 2.d) 
is at a distance equal to safe gap. Then, the vehicle 
changes the lane and moves to the CLOSING GAP 
state. If the vehicle must not change its lane, it 
changes to the CLOSING GAP state as soon as its 
front vehicle has changed its lane. 

 CLOSING GAP: Vehicles close the gap with their 
front vehicle to desired gap, and then move the IDLE 
state. A merge maneuver finishes when all the 
vehicles in the merged platoon return to the IDLE 
state. 

Merge maneuvers between platoons circulating in the 
same lane also operate following the FSM represented in Fig. 
4. In this case, the rear platoon will catch up the front 
platoon. As a result, vehicles belonging to the rear platoon 
accelerate instead of decelerate in the GOING TO 
POSITION state. 

B. Leave and split maneuvers 

The leave-split function implements the leave and split 
maneuvers. A split maneuver breaks a platoon in two or more 
platoons. Fig. 5 illustrates the leave maneuver where i 
indicates the position of a vehicle in the platoon (the position 
of the leader is 0). Fig. 5.a. illustrates the position of the 
vehicles in the platoon at the beginning of the leave 
maneuver. The vehicle that wants to leave the platoon 
(vehicle 2 in Fig. 5.) decelerates until it maintains a safe gap 
with its front vehicle (Fig. 5.b). Vehicle 2 then maintains the 
same speed as the leader, and vehicle 3 decelerates until it 
reaches a safe gap with vehicle 2 (Fig. 5.c). Vehicle 3 then 
maintains the same speed as the leader, vehicle 2 changes the 
lane to leave the platoon (Fig. 5.d). Vehicle 3 then accelerates 
to reduce the distance to vehicle 1 (its new front vehicle) to 
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Figure 2.  Merge maneuver. 
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Figure 3.  Speed of vehicles participating in a merge maneuver (a) vehicles 

decelerate at the same time and (b) vehicles decelerate sequentially like in 
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Figure 4.  Merge maneuver: (a) FSM for platoon leader, (b) FSM for 
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desired gap (Fig. 5.e). The position of the vehicles in the 
platoon is updated. 

Fig. 6. represents the FSMs implemented for the leave 
maneuver following the indications in [11]. In particular, Fig. 
6.a represents the states that define the dynamics of a vehicle 
that wants to leave a platoon: 

 IDLE: Vehicles are in the IDLE state if there is no 
active maneuver. The vehicle changes to the 
LEAVING state when the leave maneuver starts. 

 LEAVING: The vehicle decelerates and increases the 
distance to its front vehicle. It changes to the 
CHECK LANE state when such distance is equal to 
safe gap. 

 CHECK LANE: The vehicle waits until its rear 
vehicle is at a distance equal to safe gap. Then, the 
vehicle checks if any vehicles obstructs the lane 
change. If not, the vehicle changes the lane and 
returns to IDLE. 

Fig. 6.b. represents the states that define the dynamics of 
the vehicle behind a vehicle that wants to leave a platoon: 

 IDLE: Vehicles are in the IDLE state if there is no 
active maneuver. The vehicle changes to the 
OPENING GAP state when the leave maneuver 
starts. 

 OPENING GAP: The vehicle decelerates and 
increases the distance to the vehicle that wants to 
leave the platoon. The vehicle changes to the 
WAITING state when such distance is equal to the 
safe gap. 

 WAITING: The vehicle maintains the safe gap with 
the vehicle that wants to leave the platoon and waits 
until it changes the lane. The vehicle then accelerates 
to close the gap with its new front vehicle, and 
returns to IDLE. The maneuver ends when all the 
vehicles in the platoon are back to IDLE. 

Vehicles leave a platoon whenever their route (in 
particular, their next road intersection) does not coincide with 

the route of the leader. This condition does not apply to the 
platoon leader. When the leader detects that it has to leave the 
platoon, it gives the leadership of the platoon to its rear 
vehicle and changes the lane to leave the platoon. A simpler 
leader-leave function simulates this maneuver. 

Several vehicles can execute a split maneuver and leave a 
platoon at the same time with the FSMs implemented for the 
leave maneuver. All vehicles leaving the platoon follow the 
FSM in Fig. 6.a. This is not problematic if two vehicles with 
contiguous positions in the platoon want to leave. In this 
case, the 2nd leaving vehicle will maintain a safe gap with the 
1st leading vehicle in front that can change the lane safely. 

V. EXPERIMENTS 

We have produced a series of videos to demonstrate the 
correct operation of the maneuvers implemented in PERMIT. 
The videos are available online4. The merge maneuver is 
illustrated in a highway scenario where two platoons in 
parallel lanes merge, and in a scenario where a platoon 
merges with a platoon in front. The videos also demonstrate 
that PERMIT can safely abort a merge maneuver when 
obstructed by non-automated vehicles. A highway off-ramp 
scenario visually illustrates the split and leader leave 
maneuvers. The maneuvers illustrate the situation in which a 
vehicle in the middle of the platoon or the platoon leader 
wants to leave the highway, and hence must first leave the 
platoon. The videos online demonstrate the maneuvers in 
specific scenarios and settings. However, we have validated 
the implemented maneuvers in a larger number of scenarios 
and settings, e.g. changing the number of vehicles in the 
platoons, other simulator parameters, and varying the 
presence of non-automated vehicles in the scenario. TABLE 
I. lists the configurable parameters in PERMIT. Interested 
parties can experiment with the implemented maneuvers in 
other scenarios since this paper openly releases PERMIT to 
the community5. 

VI. CONCLUSIONS 

This paper has presented PERMIT, a new open-source 

simulator for platooning maneuvers in mixed traffic 

scenarios where automated and non-automated vehicles 

coexist. PERMIT is based on the microscopic traffic 

simulator SUMO and its platooning extension Plexe-SUMO. 

PERMIT currently implements the join, merge, leave, split 

and leader leave maneuvers. The simulator can simulate the 

platooning maneuvers in existing SUMO scenarios without 

 
4https://www.youtube.com/playlist?list=PLbi7IJ3gPs0HyA1tYTGeOR1t

mN3HCjNTO 
5 https://github.com/susomena/PERMIT 
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any changes to the scenarios. PERMIT can simulate the 

platooning maneuvers with different ratios of automated and 

non-automated vehicles. PERMIT is released as an open-

source platform for the community to further investigate and 

develop automated driving. The authors are currently using 

PERMIT to investigate the impact of platooning maneuvers 

on traffic under mixed traffic scenarios. 
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TABLE I.  PERMIT SIMULATION PARAMETERS 

Parameter Definition 

max-step Maximum number of simulation time steps 

edge-filter List of road edges where platooning is allowed 

vtype-filter List of vehicle types with CACC controllers 

max-distance 
Maximum distance to initiate a join or merge 

maneuver 

desired-gap Distance between vehicles in a platoon 

safe-gap Safety distance between vehicles for lane changes  

platoon-length Maximum number of vehicles in a platoon  

relative-speed Maximum relative speed allowed for merging (m/s) 
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