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1 Introduction 

The problems of traffic congestion, pollution, and people safety are becoming more and more important, 

since the transportation infrastructure remains almost the same, but the number of cars are increasing. 

A common phenomenon of 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, when the vehicle doesn’t follow a safety distance 

with its preceding vehicle. This is clearly a safety risk. 

Platooning can be a solution to this problem. A platoon includes a leading vehicle which is operated by 

a professional driver, and one or more other vehicles, which are (semi-) autonomously driven, following 

the leader in close proximity Moreover, several studies have shown considerable reductions in fuel 

consumption for platooning scenarios. In [1], Bonnet and Fritz could show a 21% fuel reduction for 

trailing trucks travelling at 80 km/h with an inter-vehicle gap of 10 m. Even the lead truck showed a fuel 

reduction of 6%. With heavy vehicles accounting for 5% of global carbon emissions, there is a clear 

environmental and economic incentive for transport industries to implement such type of solutions.  

To implement a platooning application, we need technologies to be able to follow the preceding vehicle 

in the platoon while keeping a safe and small inter-vehicle gap. The platooning benefits is proportional 

to the distance between platoon members. The smaller the distance, more vehicles we can have on the 

road (better traffic efficiency), and more aerodynamic drag is reduced (better fuel efficiency). However, 

reducing the distance clearly causes safety issues. Therefore, a tradeoff is required between inter-vehicle 

distances and safety to provide fuel efficiency, while preserving safety [2]. Sensor-based cruise control 

(CC) systems are widely deployed worldwide right now as driver assistance systems. CC helps the driver 

to maintain a predefined speed to reduce the driver workload in free flowing traffic. 

Adaptive cruise control (ACC) is the next generation of CC, which maintains the cruising speed set by 

the driver and automatically keeps a safety distance from the preceding vehicle [3]. ACC is also 

deployed and available right now on the market. ACC systems uses radars, which are mounted on the 

front of the vehicle, to measure the distance from the preceding vehicle. These systems maintain the 

time headway (a distance in time - the spacing is the time headway times the cruising speed: the higher 

the speed, the larger the spacing.), which is comparable to the one of human drivers (roughly between 

1s to 2s). ACC systems cannot avoid the effect of shockwaves, because of significant propagation delay 

of radar measurements along the string of vehicles [4]. Smaller inter-vehicle gaps can be realized by 

using vehicle-to-vehicle (V2V) communication.  

To improve the control system reaction time and safely reduce the distance between the vehicles, each 

vehicle must be aware of the position, status and intention of its surrounding vehicles through message 

broadcasting. The combination of ACC and wireless V2V communication is referred to as Cooperative 

Adaptive Cruise Control (CACC). ACC and CACC have automatic longitudinal control only, assume 

that the driver controls the vehicle using the steering wheel. CACC can be further enhanced to be used 

for platooning when automated lateral control is also provided. Moreover, further intelligence is 

required, e.g. protocols for joining/leaving the platoon or assisting other vehicles during on-ramp 

highway merging.  

Even putting aside safety and fuel efficiency benefits, platooning has more benefits for fleet owners and 

vehicle manufacturers. A report from Scania (2014) on the Swedish truck market shows that the total 

costs of trucking for a fleet owner consists of fuel, driver, vehicles, tires, administration and repair & 

maintenance. A third of a fleet owner’s costs corresponds to fuel consumption and that is the reason 

why fuel efficiency is always mentioned together with safety as two important benefits for platooning 

application. Driver wages also represent a third of the total costs. Platooning can also cause reductions 

in driver tiredness and increase the output of transportation system, since a driverless truck can drive 

nearly 24 hours per day, whereas drivers are restricted by law from driving more than 11 hours per day 

without taking an 8-hour break. Hence, the case for automated driving is strong and increasingly gaining 

momentum.  

In this report, we mainly focus on this particular case of cooperative systems which in SafeCOP is 
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instantiated mainly in Use Case 3 and 6. These are the focus of the contributions presented in this report. 

The report begins with an overview of the state-of-the-art regarding wireless cooperation mechanisms 

in mobile robots and vehicle platooning, which is fundamental to contextualize the proposals that follow 

in Section 3. Section 3 goes on presenting the technical contributions of cooperative systems, followed 

by a brief overview of these and conclusion in Section 4. 
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2 Overview of the State of the Art on distributed cooperation 
mechanisms  

Wireless Co-CPS, have been receiving significant attention due to its promise of enabling new 

cooperative applications such as vehicle platooning, and other Intelligent Transportation Systems (ITS) 

paradigms. However, the idea of having machines cooperate to perform a task has been explored 

significantly in the robotics community since several years ago. As an introduction to the topic, we begin 

the section with an overview of the state-of-art on the domain of mobile robots and then advance into 

the ITS topics. 

2.1 Mobile Robots 

Towards cooperative cyber-physical systems (CPS), the need to apply robust control in conjunction with 

wireless communications for efficient mobility of robot teams or group of robots was highlighted a few 

years ago [5]. It is required a system architecture that provides end-to-end connectivity for autonomous 

teams of robots as they pursue operator-assigned cooperative tasks. Such an architecture is composed 

of a cyber component that determines the configuration of the wireless network and a physical 

component that handles mobility. The challenge of using wireless communication to support 

cooperative mobile robots is related to the performance of point-to-point wireless link, where the 

medium is fluctuating from time to time. Thus, the authors adopt a stochastic model for supported rates 

and develop optimal robust solutions to the wireless routing problem. The problem of cooperative 

mobile robots can demonstrate many recent studies to address the communication impairments such as 

delay.  

In [6], the authors propose a synchronous formation control approach using distributed controller 

architecture with sampled-data and communication delays. A sufficient condition has been presented to 

guarantee exponential convergence of both position errors and synchronization errors. Based on the 

proposed sufficient condition, given control parameters, an upper bound of the sampling period and the 

coupling delay that guarantees mobile robots to converge to the desired formations can easily be 

obtained. In [7], the optimal control framework for leader–follower formation control is provided in the 

presence of obstacles, where in [8], the same model is assumed by the same authors with additional a 

limited wireless communication that is utilized to construct the leader’s dynamics at the follower by 

exchanging the leader’s orientation, control input, and velocity vectors. To solve the obstacle avoidance 

problem, the separation and bearing of the follower are modified using a potential function that ensures 

the new desired position is ahead of the robot in contrast to previous works.  

In [9], the authors presented a simulator for rapid prototyping of networked mobile robots and studying 

their performance. Specifically, the formation control from a consensus problem point of view under a 

wide range of network conditions and multiple experiments can be studied with this platform. Fixed or 

time-varying delays, packet dropout rates, the topology of the network, just to mention a few, are 

accessible parameters to the user. They tested in different use cases developing particular experiments 

showing the robustness of its own functionality.  

Further to the direction of simulating networked mobile robots, in [9], the authors address a new type of 

application scenario for CPS, which is related to disaster relief situations. To this end, they assume a 

type of cellular network with control stations, where multiple robots belong to, i.e. they are operating 

under its own coverage area. Their main goal is to build a network that can provide a robust coverage 

area by optimizing the quality of service between the control stations. The architecture could vary 

according to particular use cases. In their works, they assume rescue staff that are in a distance from 

control stations and non-flow robots, which play the role of alarm robots. The first stage of the problem 

formulation is to merging robots in distant groups, where the second stage is to optimizing a 

communication flow. In the first stage, robots in distant groups are merged into one group that covers a 

desirable area. Since connectivity alone cannot guarantee a high communication quality, in the second 

stage, the flow between any two stations is further optimized in terms of expected number of 

transmissions per successfully delivered packet. In both stages, a distributed collision-free controller is 

proposed to regulate the interactive force among robots. The stability issues of WRNs, where the 
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proposed controller together with a class of interaction models based on an acute angle test is 

implemented for robots, are analyzed under both fixed and switching topology. Simulation results show 

that the expected number of transmissions per successfully delivered packet of the flow is decreased 

significantly while the team remains to cover the desired area. In addition, the robustness of WRNs is 

demonstrated by the network reconfiguration capability after one robot fails.  

Finally, in [11], authors investigate nodes that are swarm robots with communications and sensing 

capabilities. Each robot in the swarm may operate in a distributed and decentralized manner to achieve 

some goal. This paper presents a novel approach to dynamically adapting control parameters to achieve 

mesh configuration stability. The presented approach to robot interaction is based on spring force laws 

(attraction and repulsion laws) to create near-optimal mesh like configurations. The simulation results 

have demonstrated that adaptive control parameters are an effective approach for transitioning a mesh 

from a quasi-stable to a stable state while significantly reducing the convergence time. For instance, 120 

robots in a multiple-obstacle environment reached convergence more than twice as fast as with static 

control parameters.  

Another interesting topic in the area of cooperative mobile robots is related to the former GPS bases 

solutions, where a GPS-based localization system provides the global position of a mobile robot or 

object in outdoor environment. However, the GPS-based system has an inherent disadvantage because 

the GPS signal cannot be available in indoor scenarios. Therefore, a wireless sensor network (WSN) has 

emerged as one of promising localization technologies for mobile robot applications.  

To this end, a localization technique of the mobile robot using a H∞ (check [45] for an overview of H∞) 

filter that removes the manual effort to tune the noise covariance parameters is proposed in [12]. To 

avoid GPS, they also assume each robot carries a camera and two markers [13]. The robots move within 

the field of views (FOVs) of stationary robots. The stationary robots observe the moving robots and 

record the positions of markers of moving robots. Based on the trajectories of markers, i.e., 

spatiotemporal features, all the robots are localized using multi-view geometry. Localization requires 

recovering relative positions, i.e., translation and orientation. In [14], a localization strategy for a group 

of mobile robots via multiple intra-communications and a formation coordination concept. As 

aforementioned, the main goal pursued in the formation coordination is to coordinate mobile agents to 

form a specific formation via local information exchanges without any global reference signals. It is 

revealed that the localization problem is closely associated with the formation problem of multi-agent 

coordination systems.  

2.2 Vehicular Platooning (ITS) 

An Automated Highway System (AHS) is an emergent research topic as it provides attractive services 

for connected vehicles aiming at creating a new and promising transportation system [24]. Such systems 

are expected to significantly optimize the road capacity and safety. 

The vehicle platoon concept appears as an alternative to the conventional transportation systems. It is 

composed of a set of vehicles which are automatically controlled and driving at a constant distance by 

following a leading vehicle. Vehicles are driven closely to each other, which reduces the aerodynamic 

drag and hence the fuel consumption. Safety critical systems require significant advances in many areas 

including the architecture. Some related works propose various architectures to improve the safety of 

vehicular systems. A safety architecture based on hybridization was carried out in the Karyon project 

[21]. The architecture is divided into two parts. The first one is composed of predictable components 

for safety properties and it is validated during the design stage. The second part is concerned with 

components that may be affected by run-time uncertainties. The Karyon safety architecture also contains 

a safety kernel that defines different levels of service (LoS). At run-time, an LoS that guarantees the 

performance of the intended functionality in a safe way despite faults and uncertainties is selected.  

The system inputs provided to the control system may be collected locally (depending on the vehicle 

itself perception) or globally (depending on a global reference). Choosing one of the aforementioned 

control types is still opened for investigation due to many reasons. The global control generates a good 

trajectory matching but requires reliable V2V (Vehicle To Vehicle) communication [20] while local 

approaches may only depend on low cost sensors but impact the quality of trajectory matching [34]. 
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That is to say, maneuvers such as joining and splitting require a well-managed coordination between 

vehicles to be safely fulfilled. A V2V communication network is then indispensable. In order to enhance 

the reliability of global-based platoon models, considerable effort s have been devoted in the last decades 

toward improving the V2V communication network as reported in [54]. By contrast, a local approach 

only relies on the local perception of the vehicle (i.e., always decentralized). Generally, vehicles are 

equipped with sensors which produce the necessary measurements.  

Due to the development of global approaches and the V2V communication improvement, the 

proposition of platoon models relying on local policies has decreased except for a few studies such as 

the one in [47] where a possible communication degradation is envisaged and thus on-board sensors are 

used to estimate the preceding vehicle acceleration. 

An inter-vehicle wireless communication in addition to on-board sensors were implemented to attenuate 

the effect of disturbances along the vehicle string. This approach has proven its efficiency as well in the 

experimentation conducted in [36]. 

In the literature, several research works propose different solutions to the control of a platoon. Since the 

control model strongly affects the string stability (i.e., the error propagation through the platoon), the 

authors in [52] provide a sliding-mode controller to design the adaptive cruise control from the 

perspective of the practical string stability. The work in [52] study as well the negative effect of time 

delay and lag on the string stability. In [53], the sliding mode control is also proposed to control the 

longitudinal distance while lateral control is ensured with a PID controller. The work reported in [45], 

the design of the platoon control is based on the robust H∞ control theory and the vehicle’s speed is 

chosen depending on the road inclinations to decrease the number of unnecessary accelerations and 

brakes.  

Adopting the global approach requires a reliable V2V communication network. In [29], the authors 

optimize the communication channel scheduling when accessing the communication medium. In [39], 

a different communication topology is used. Since the distance between the leader and the last vehicle 

in the platoon may affect the communication quality, a new ring flow graph is proposed to reduce the 

communication distances.  

The previous mentioned works are mainly interested in improving the communication reliability and 

preventing failure cases. Proposing an alternative behavior when faults occur is not well investigated in 

the literature. Many other factors may cause the platoon performance degradation other than the 

communication deterioration such as sensors and actuators malfunction. According to Aradi et al. [19], 

we categorize failures into two classes: (1) hard faults concerning the vehicle components such as 

sensors, communication nodes, or any other devices and (2) soft faults mainly concerning weather 

conditions. In [44] , the authors distinguish a laser range finder failure and propose a recovery approach 

by reconstructing the sensor-based tracking control, meanwhile only vehicles velocity are involved. 

In order to easily handle the vehicle coordination in the platoon, a multi-agent system is proposed as a 

model to manage platoon tasks in [26] but no data communication is established between the agents. 

Fernandes and Nunes consider as well the car platoon as a collaborative multi-agent system in [30] 

where new algorithms to maintain the inter-vehicle constant spacing are proposed, as well as the joining 

maneuver algorithm. Some works such as Kamali et al. [35] and Colin et al. [25] use formal verification 

to ensure that the autonomous behavior never violates the safety requirements. 
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3 Technical Proposals 

3.1 Dual mode vehicular platooning control model  

 

3.1.1 Motivation 
The motivation of this work is to investigate and evaluate the safety of a vehicular platoon under normal 

and degraded operational modes, which is a crucial problem, as any unexpected error during the platoon 

operation, whether it is in control and join/leave operation would lead to vehicle collisions.  

Our approach defines the concept of adaptive platoon, which uses an auto-reconfiguration based on the 

operational state of the platoon whether being in the normal or degraded mode. We use Vehicle-to-

Vehicle (V2V) communication in addition to perception sensors for increasing reliability of the model. 

Systems reconfigurations shows its effectiveness in various research areas such as [15]-[18].  

We address the problem of re-configurable platoon safety from two perspectives: (1) using a formal 

model checking approach of vehicular management operation, namely, join/leave operation, (2) using a 

simulation model for evaluating the safety of a reconfigurable PID controller. 

In order to solve disturbance problems, we propose a reconfigurable platoon model. We adopt a 

switching approach between two platoon modes to handle the communication quality degradation. Our 

adopted PID controller parameters change according to the activated mode. The platoon runs under the 

normal mode when no disturbances occur. On the other hand, a degraded mode is activated when a 

communication problem is detected. We assume that the maximum number of vehicles in a platoon is 

ten vehicles and we consider the platoon model as a multi-agent system composed of two types of 

agents: a leader agent and a follower agent. In fact, the platoon system comprehends the characteristics 

of a multi-agent system including the collective decision making: the decision component consists in 

selecting a set of actions to be executed by agents in order to collectively progress towards the 

achievement of an objective, while maintaining a global organization.  

Multi-agent systems are characterized by self-organization, robustness, adaptability, simplicity, and 

redundancy of the agents. It has been shown that this approach is efficient for tackling complex problems 

such as life-systems simulation [24]. Finally, each platoon model proposition should be evaluated in 

terms of performance and safety. The contributions hereby presented is three-fold: 

1. First, we specify a platoon model and define the main software module to ensure a safe platoon 

system between the followed and the following vehicles. The novelty of the platoon model is 

that it incorporates a failure management module that deals with different types of failures, 

including local and global ones. The platoon model also considers two operational modes, 

namely the normal mode and the degraded mode, in any case of failure.  

2. Second, we formally verify the safety properties in normal and degraded modes for vehicles 

joining and leaving the platoon. This is achieved through the analysis of the platoon 

management model that follows the Model Checking approach. We validate and evaluate the 

performance of this model using UPPAAL model checker software.  

3. Third, we investigate the safety of platoon control using a simulation model that we developed 

Technology Description Table – TDT19 

Title: Dual mode vehicular platooning control model   

Property: Safety 

Type: Control Model 

Description:  A vehicular platoon control model supporting normal and degraded operational modes 

Provider: ISEP 

Provided as SafeCOP Technology Brick: YES (TB019)  

Readiness: Complete 

Integration Status: In progress in UC3 

Additional Details: [4] 
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with the Webots simulator1. This environment provides reliable vehicle model in terms of 

dynamics and communication disturbances. We simulate a platoon with 10 vehicles using a PID 

controller that we design for the platoon control. The simulation addresses the safety of the 

platoon operation in both normal and degraded modes and provides a statistical analysis on the 

platoon behavior. This is reported under Section 3.2. 

 

3.1.2 Common platoon model 
We developed two different platoon models for both formal verification and simulation. The first model 

includes additional features such as joining and splitting maneuvers. Thus, we start by clarifying the 

basic platoon model. This section reviews its main characteristics, the multi-agent system and the failure 

management. 

3.1.2.1 Platoon characteristics 
The platoon model in this paper supports global and local decentralized approaches for different 

situations. In a decentralized approach, the control is distributed among vehicles and is not located in 

one of them. The considered platoon, denoted by 𝑃, is composed of n identical autonomous vehicles 𝑉 

𝑖 𝑤𝑖𝑡ℎ 𝑖 ∈  [1. . 𝑛 ] and one different vehicle 𝑉0  the global leader (GL): it is driven manually by a 

professional driver and it is responsible for defining the platoon properties such as the inter-distance, 

the speed and the followed trajectory. Each vehicle is defined by its position in a global referential 

(𝑋𝑖 , 𝑌𝑖) as shown in Figure 1. 

A vehicle 𝑉𝑖 is considered as a follower of the vehicle 𝑉𝑖−1 and a local leader (LL) of the vehicle 𝑉𝑖+1. 

The decentralized approach may increase the dependency in the platoon since each vehicle makes its 

own decisions and transfers data to the next car that may be affected by the decision error of preceding 

local leaders unless a powerful control model is set up. 

 

Figure 1 - Follower and leader vehicles. 

 

                                                      

1 Commercial Mobile Robot Simulation Software: http://www.cyberbotics.com 
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Figure 2- Platoon model. 

 

 

Figure 3 - Platoon multi-agent system 

In the flip side, it reduces the crucial role of the global leader. In the global mode, each two consecutive 

vehicles exchange messages through the V2V communication as shown in Fig. 2. Let us suppose a data 

message 𝑚 𝑖,𝑖 +1 sent by a local leader 𝑉𝑖 to its follower. Each 𝑚 𝑖,𝑖 +1 contains the following elements: 

the local leader orientation θ𝑖
𝐺  and the local leader GPS coordinates (𝑋𝑖 , 𝑌𝑖) . Once the vehicle 

𝑉𝑖+1 receives 𝑚 𝑖,𝑖 +1, it performs the control process to accomplish the tracking goal. The follower 

should gather the following information: the vehicle orientation (its direction to the north) θ𝑖+1
𝐺 , the inter 

vehicle distance between two vehicles 𝐷𝑖+1
𝐺  and 𝑚 𝑖,𝑖 +1 data. Since the communication network itself is 

sufficient to ensure a good tracking quality, we limit the use of sensors to the degraded mode. This is a 

personal choice to simplify the computation of the output data in the normal mode. A vehicle direction 

θ𝑖
𝐺 in the global mode is given by  

 

where 𝑋𝑁𝐼 and 𝑌𝑁𝐼 are the vehicle position obtained by the compass using the vehicle GPS coordinates. 

The inter vehicle distance in the global mode 𝐷𝑖
𝐺 is computed using the GPS values of both the follower 

and leader (transferred by V2V communication) i.e., 

 

In the local mode, the communication network is no more exploited and 𝑚 𝑖,𝑖 +1  transferring is 

interrupted. In Fig. 2 , the second platoon is performing in the local mode. Each vehicle V i is equipped 

with sensors denoted by 𝑆𝑖 to detect: (i) the local leader orientation and (ii) the inter vehicle distance 

between two vehicles. The switching between local and global modes is clarified in the failure 

management section.  

The proposed multi-agent system is composed of two types of agents: a leader and a follower or 

followers as shown in Fig. 3. The agent architecture is inspired from a previous research [37]. It is based 

on three levels: 
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Communication Unit: On this level, communicated messages are managed depending on the source, 

destination and request types (e.g., leading, splitting, joining and following). Data are then (i) transferred 

to the management unit, (ii) sent to other agents, or (iii) ignored if the source is unknown. On the basic 

platoon model, we suppose that the follower agents identify only the preceding and the following 

vehicles. 

 

 

Figure 4 - Follower management unit. 

Management Unit: This unit is the decision entity; it is responsible for the agent goal achievement. It 

receives the information from the communication unit, sensors, HMI (Human Machine Interface) and 

GPS. This unit is composed of two hierarchical sub-units: The first has a main goal of the decision-

making concerning the mode to activate and the second is running the adequate maneuver algorithm 

depending on notification messages. When receiving a message from the previous vehicle, the Checking 

Sub Unit (CSU) decides which mode to activate depending on a model described later in this paper. The 

following process uses the PID controller to compute the reference data which are the vehicle 

acceleration and its orientation θ. The unit output is basically the reference data to apply to actuators on 

the purpose of driving the vehicle to the desired position. 

Actuators Control Unit: This is the low level control. This unit receives reference data and converts 

them to applicable variables to steering, throttle and braking actuators. 

 

3.1.2.2 Failure management 
Several factors may influence the normal functioning of the platoon system which causes the 

degradation of the control performance. We categorize these failures into (i) local: affect the functioning 

of one agent or (ii) global: affect the functioning of the entire platoon. This failure organization offers 

more flexibility to the platoon. For instance, if a vehicle receives inaccurate data, only one agent 

switches to the degraded mode (DM) without deteriorating the whole platoon performance. 

We suppose that the normal mode is actually a global mode (GM) characterized by a good 

communication quality. On the other hand, the DM is a result of the communication degradation. Thus, 

it represents the local mode (LM). 

Since platoon systems are proposed to be functional under any condition, our control model as well as 

the computational architecture has to handle these failures without deteriorating the system performance. 

Therefore, we enable the agent to change its behavior depending on the selected mode and consequently 

obtain differently the reference data to keep the platoon on a safe and reliable level. We carry out that 

switching ability by implementing a sub-unit in the management level responsible for the detection of 
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failures or anomalies in the car system. Once the degradation condition is detected, the DM is activated. 

In order to maintain the good performance of the platoon in GM, we implement (m, k) model in the 

checking sub unit (CSU) to detect the communication deterioration as illustrated in Fig. 4. We adopt 

this model since it responds to our model specifications: the CSU requires a predefined number m of 

lost packets among each k successive packets. We suppose that 𝑉𝑖  is a local leader and 𝑉𝑖+1 is the 

follower. When using the (m, k) model, we suppose that (i) m is the number of consecutive packets sent 

by 𝑉𝑖 and received by 𝑉𝑖+1 and (ii) k is a predefined number of successive sent packets. The mode choice 

for 𝑉𝑖+1 is given by 

 

 

3.1.3 Platoon management modeling 
In this section, we detail the platoon model that we implement for the formal verification. We begin by 

presenting the added features compared with the model presented previously. Next, we investigate the 

joining and splitting maneuvers. Finally, we expose the formal modeling of the platoon system and 

present the formal verification results. 

3.1.3.1 Platoon model 
Joining and splitting require an important amount of notifications and messages among vehicles. Thus, 

the communicated network and the leader role are developed. 

 

Figure 5 - Interaction between vehicles in the first platoon model. 

Table 1 - Leader table. 

 

Communication network: On the basic platoon model, each vehicle is only able to receive data from 

its local leader and send in its turn to its follower. In this model, each vehicle sends and receives 

messages data from the GL, the preceding and the follower, as shown in Fig. 5. Most of these messages 

are for the notification purpose when a vehicle is splitting or joining the platoon. 

Leader role: The leader has in possession the entire platoon element states in a table in order to manage 

the vehicular system. Table 2 represents the Leader table of a platoon. It owns each vehicle details: its 

destination, its follower identity, its local leader identity if the car is not at the platoon front and the 

mode: normal/degraded. In this example, the platoon comprises four vehicles where the second follower 

performs a degraded mode. The destination is expressed as GPS coordinates. 
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3.1.3.2 Joining and splitting maneuvers 
The Global Leader (GL) is responsible for managing the joining/splitting request. The GL manages 

three types of lists: 

(i) Plt _List: the GL enqueues this list when a joining success notification is received. It contains the 

identity number 𝑖 of each vehicle composing the platoon. In the other side, this list is dequeued by GL 

when it receives a splitting success notification; (ii) Join_List: contains identity numbers of vehicles that 

send joining requests; (iii) Split_List: contains identity numbers of vehicles that send splitting requests. 

3.2.1. Joining maneuver 

We consider a platoon with 𝑘 vehicles and a vehicle 𝑉𝑘+1 is not in the platoon. The GL accepts a joining 

request from 𝑉𝑘+1 if the platoon fulfills these conditions: the global leader is not treating any request, 

the 𝑉𝑘+1  destination ∈ GL trajectory, both Join_List and Split_List are empty and the number of 

platooning vehicles performing under the degraded mode respects the (m, k) firm model. We consider 

𝑘 ( 𝑘 ≥  0) as the total number of vehicles and m the number of vehicles performing under the normal 

mode. 

3.2.2. Splitting maneuver 

A splitting request is triggered by the GL that checks constantly follower positions and compares them 

with their destinations. 

We suppose that 𝑉𝑠 is a platoon vehicle that reaches its position. GL sends a split request to 𝑉𝑠 before it 

reaches its destination by taking into account the splitting process delay. A split request is always 

prioritized to other requests unless the split_List already contains split requests. 

A vehicle has the ability to split from the platoon regardless its position (at the rear or in the middle). 

When splitting from the back, the vehicle decreases the speed and changes its direction. Once out of the 

platoon, it notifies the leader of the split success. When splitting from the bottom, the vehicle does not 

change its direction until informing its local leader of the new follower identity and informing its 

follower as well of the new local leader identity. 

3.1.4 Formal modeling 
The multi-agent system is useful when using the formal verification approach. In fact, it facilitates the 

vehicles handling and modeling as well as managing interactions between the different platoon 

elements. The implemented model is based on the multi-agent architecture. According to the platoon 

model, the follower is composed of two units and two sub units. 

Therefore, a single follower agent is represented by four automata as illustrated in Fig. 6: the follower 

communication unit automaton, the follower checking unit automaton, the follower management unit 

automaton and the follower actuator unit automaton. 
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Figure 6 - Interaction model automaton. 

 

Figure 7 - Leader automaton. 
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Figure 8 - Follower communication unit automaton. 

 

On the other hand, the leader is represented by one automaton only since it is manually driven. One last 

update automaton is added to update distances and position values. The leader automaton, illustrated in 

Fig. 7, interacts with the follower communication unit automaton as visualized in Fig. 8. The follower 

communication unit sends to and receives messages from the follower checker unit automaton as shown 

in Fig. 9, which in its turn sends either normal_mode or degraded_mode signal to the management unit. 

The management unit, as shown in Fig. 10, consists of three main branches: the joining, the following 

and the splitting. The reference data computed by the management unit is transferred to the actuator 

unit, depicted in Fig. 11. Finally, Fig. 12 shows the update unit mostly responsible for computing the 

different inter-distances and updating the leader and followers positions using respectively the 

computeL() and compute() functions. 
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Figure 9 - Follower checker unit automaton. 

 

 
Figure 10 - Follower management unit automaton. 

  
 

Figure 11 - Actuators automaton. Figure 12 - Update automaton. 
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3.1.5 Performance evaluation 
In the first part of this section, we evaluate the variation of the inter-distance for both modes and for 

different maneuvers using the UPPAAL software. We implement a four-vehicle platoon (i.e., one leader 

and three followers). The leader is supposed to be driven at a constant speed equal to 90 km/h. At the 

start of the simulation, the vehicles are initiated with different GPS coordinates and a redefined inter-

distance. In Fig. 13, the three following vehicles are running under a normal mode. The inter-distance 

of the different vehicles remains generally stable as desired. It oscillates around 10 m value since, as we 

defined in the following algorithm that dref ± 2 m is acceptable to avoid the excessive speed variation. 

These results prove the efficiency of the implemented PID controller as well as the good reception of 

data through the agent architecture. 

 

 

 
Figure 13 - Inter-distances in the normal mode. 

 

 

 
Figure 14- Inter-distances in the degraded mode. 
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Figure 15 - Inter-distances within splitting and joining maneuvers. 

Fig. 14 shows inter-distances while the three following vehicles are performing in the degraded mode 

which is considered as the worst case. Since data are collected with a sensor in the LM, we add random 

errors to implement the inaccuracy of sensors. For each iteration, we compute the real inter-vehicle 

distance and add a random number included in [-2,2]. The longitudinal control is clearly less efficient 

than that for the global control. However, the safety property during the following maneuver is ensured. 

In Fig. 15, 𝑉1 is the first vehicle joining the platoon. Both 𝑉2 and 𝑉3 send joining requests while the 

leader is already treating the 𝑉1 request. Once the latter reaches the reference distance (10 m), the leader 

examines the joining list requests with respect to the first in, first out (FIFO) priority. For the splitting 

process, 𝑉1 is the first to leave. Since 𝑉1 is the local leader of 𝑉2, the distance between 𝑉2 and the leader 

increases when 𝑉1 is performing the splitting. The same thing occurs with 𝑉3 when 𝑉2 splits from the 

platoon. As we can see, inter-distances never fall below the reference distance for any type of maneuver. 

We show now the formal verification results made with the model checking with a five-vehicle platoon. 

The model properties are the same previously used. The first property is the safety expressed by the non-

collision (i.e., distance between vehicles is above the safety distance). The query is expressed as follows: 

𝐴[ ] ( 𝑓𝑜𝑟𝑎𝑙𝑙 ( 𝑖 ∶  𝑖𝑛𝑡 [1, 4]) 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [ 𝑖 ]  >  5 

The term A[ ] means that the property is invariantly true. Distance [i] is a list containing the inter-

distances between vehicles. The second property proves the ability of switching the mode when the 

communication is degraded. The query is expressed as follows: 

𝐴[ ] ( 𝑓 𝑜𝑟𝑎𝑙𝑙 ( 𝑖 ∶  𝑖𝑛𝑡[1 , 4] ) 𝑑𝑒𝑔[ 𝑖 ]  >  3 𝑖𝑚𝑝𝑙𝑦 ( 𝑓𝑙[ 𝑖 ] . 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 ==  1 )) 

𝐷𝑒𝑔 [𝑖]  is a counter of degraded quality messages. The property proves that whenever the 

communication is no more reliable, the vehicle mode is switched to be degraded. The third property 

describes the dissolution ability of the platoon when the number of DM vehicles exceeds that predefined 

by the ( m, k ) firm model. The query is expressed as follows: 

𝐴[ ] ( 𝑛𝑏 _ 𝑑𝑒𝑔 >  0 𝑖𝑚𝑝𝑙𝑦 𝑙𝑒𝑛 ==  0 ) 

Len is the length of the platoon. The platoon length is null when more than three vehicles are performing 

in a degraded mode. 

We increase now the number of vehicles to ten in order to assess the impact of the platoon length on its 

performance. We start by checking the inter-distance values with the following query: 

𝐴 [ ] ( 𝑓𝑜𝑟𝑎𝑙𝑙 ( 𝑖 ∶ 𝑖𝑛𝑡[1 , 9] ) ( 𝑓𝑜𝑙𝑙_𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 (𝑖) . 𝑓𝑜𝑙𝑙𝑜𝑤 && 𝑓𝑙 [𝑖] . 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 =
=  0 ) 𝑖𝑚𝑝𝑙𝑦 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑖]  <  15 ) 

This query is not satisfied, which means that the inter-distance of each vehicle during the following 

maneuver (i.e.,  𝑓𝑜𝑙𝑙𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 (𝑖). 𝑓𝑜𝑙𝑙𝑜𝑤)  and performing in the normal mode (i.e., 

[𝑖]. 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 ==  0 ) may exceed 14 m. This result proves that the maintenance of the predefined 
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inter-distance is effected by the number of vehicles. However the platoon safety is insured. Finally, we 

test the impact of a full-brake on the safety criterion within the ten-vehicle platoon. The property to 

verify is given by: 

𝐴 [ ] ( 𝑓𝑜𝑟𝑎𝑙𝑙 ( 𝑖 ∶  𝑖𝑛𝑡[1, 9] ) ( 𝑓𝑜𝑙𝑙_𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡(𝑖) . 𝑓𝑜𝑙𝑙𝑜𝑤 && 𝑏𝑟𝑎𝑘𝑒 ==
 1) 𝑖𝑚𝑝𝑙𝑦 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑖]  >  2 ) where brake is a global variable that is automatically set to 1 if the 

counter reaches 400. In this case, the leader speed is decreased to 20 km/h and then to 0 km/h in order 

to simulate the full-brake. During the full-brake, the inter-distance does not fall behind 2 m. In the next 

section, we evaluate the impact of the platoon length in a more realistic approach using the Webots 

software. 

3.1.6 Platoon control modeling 
We are interested now in the control quality and its effect in the following maneuver. We study as well 

the impact of the communication disturbance on the following performance. We start by detailing the 

PID controller. 

Once the management unit decides which mode to adopt, the tracking algorithm is performed using the 

PID controller. Each vehicle is in charge of determining its own reference data (direction and 

acceleration) using a control model based on the collected information from 𝑉𝑖−1 ( 𝑖 ∈  [1. . 𝑛 ]). In the 

platoon system, the tracking depends on two control types: longitudinal control and lateral control. 

3.1.6.1 Longitudinal Control 
It concerns the braking and throttle actions. To ensure the safety of the platoon, the vertical distance 

between two successive vehicles should not be less than the safety distance fixed by the global leader. 

It is represented by dref in Fig. 2. 

The inter-distance is bounded for both modes (G: Global, L: local) by dref. In the global control, we use 

the leader coordinate values to compute the inter-vehicle distance since it provides us with a more 

accurate PID output. The inter-vehicle distance computed with vehicles coordinates is more precise than 

the distances measured with a sensor due to the noise that may be added. Nevertheless, when 

communication network data are not more fully reliable, we use sensor outputs in a local control and 

change the gain values (used in the PID formula) for a better control result. The controller output is the 

needed acceleration that leads to the safety distance between vehicles. The PID controller equation 

applied at time t for vehicle 𝑉𝑖 is presented next for both normal and degraded modes, i.e., 

 

where 𝑢𝑖(𝑡) is the acceleration value of vehicle 𝑉𝑖 , 𝑑𝑟𝑒𝑓 is the set point which is the reference distance 

between two vehicles (limit distance), 𝐾𝑃
𝐺,𝐿, 𝐾𝐼

𝐺,𝐿, 𝐾𝐷
𝐺,𝐿

 denote respectively the Proportional, Integrator 

and Derivative gain constants in both modes, 𝑒𝑖 (𝑡)𝐺,𝐿 is the error value at time 𝑡 and is the difference 

between the measured inter-vehicle distance and reference distance, and 𝐷𝑖 is the process variable which 

is the current distance between 𝑉𝑖 and 𝑉𝑖−1. 

3.1.6.2 Lateral Control 
Lateral Control is related to the steering action. Each vehicle has to apply the same deviation angle as 

its local leader when it reaches the same position as the preceding vehicle. For both local and global 

control, we have the same lateral PID since the deviation of the leader is measured in both cases. The 

vehicle 𝑉𝑖 changes its direction as follows: 

 

where δ t is the needed time to travel the inter vehicle distance between 𝑉𝑖 and 𝑉𝑖−1, and PID Steer is 

the control function defined later. For this control, the set point is the leader angle at t − δ t and the error 

is then the difference between the current follower angle and the set point. The PID Steer function is 

given by: 
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where, 𝑒𝑖 (𝑡)  is the error value of vehicle 𝑉𝑖, 𝜃𝐿 is the set point which is the direction of vehicle 𝑉𝑖−1 

at 𝑡 − 𝛿𝑡, 𝜃𝐹  is the process variable which is the vehicle 𝑉𝑖  direction at 𝑡, and 𝐾𝑝𝑎 , 𝐾𝑖𝑎 , 𝐾𝑑𝑎  denote 

respectively the Proportional, Integral and Derivative gain constants. 
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3.2 Platoon control modeling in Webots 

 

3.2.1 Webots simulation model 
We simulate the proposed PID controller and multi-agent architecture of the platoon presented in 

Section 3.1 using the Webots simulator, which provides a realistic simulation framework for mobile 

robots. We use a 3D model of a BMWX5 car for all platoon’s vehicles. 

The vehicle is modeled with realistic physics properties. Our platoon model is composed of ten vehicles 

(i.e., a leader and nine followers) with the same physics properties. The experimentation track has a 

square shape to correctly evaluate the lateral control. A vehicle is equipped with an emitter, a receiver, 

a sickLms laser rangefinder, a distance sensor, a GPS and a compass. Bellow, we present a screeshot of 

the simulator with a platooning doing a slalom course. 

 

Figure 16 -  Platooning simulation doing a slalom course 

We assume that all vehicles in the platoon are identical and the nine followers use the same controller. 

The safety distance is predefined to 7 m and the average speed of the vehicle is up to 50 km/h. In order 

to demonstrate the advantage of the proposed platoon model, we have performed simulations for both 

normal and degraded modes. 

Normal mode: 

For the next scenarios, the communication quality is stable and no disturbances occur. The longitudinal 

PID controller and the lateral PID controller gains are respectively defined as follows: 𝐾𝑃 = 2.0; 𝐾𝐼 =
0.005; 𝐾𝐷 = 2.0; 𝐾𝑝𝑎 = 2.0; 𝐾𝑖𝑎 = 0.005; 𝐾𝑑𝑎 = 1.0 

Fig. 16 describes vehicles’ trajectories when the platoon drives around the track. The leader and the first 

four follower’s trajectories are almost overlapped. On the other hand, the next four followers score 

mismatched trajectories compared with the leader mainly when they reach sharp turns. The last follower 

Technology Description Table – TDT20 

Title: Vehicle Platooning Simulator in Webots  

Property: Safety 

Type: Tools 

Description:  A vehicular platoon simulation. 

Provider: ISEP 

Provided as SafeCOP Technology Brick: YES (TB020)  

Readiness: Complete 

Integration Status: Being used to test control models in UC3 

Additional Details: [4] 
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trajectory is distinctly different. Moreover, its trajectory is not complete because of the large track 

deviation. We can also notice that the discrepancy between trajectories is very small between two 

following vehicles and their trajectories are very similar to the leading one. This is due to the accurate 

information that are received from the preceding vehicle and also the well tuning of the PID controller. 

 

 

Figure 17- Trajectory matching of different vehicles. 

Fig. 17 describes the different lateral error of platooning vehicles. In fact, this figure reveals a very 

important characteristic of our platoon. We notice that different error plots have the same shape but with 

different values: it shows the light propagation of error through the platoon that we cannot see in Fig. 

16. This error growing forces us to limit the platoon length for the safety condition. We have taken into 

consideration the mechanical constraints for the controller and engine by putting some constrains on the 

maximum value of the steering radius. 

Fig. 18 describes different inter-distances between vehicles. Values vary between 6 m and 8 m except 

for the last inter-distance value at t = 110 s that grows quickly to reach 12 m. This is due to deviation of 

the last follower. 

Fig. 19 describes inter-distances when a full brake occurs. In fact, the number of vehicles does not affect 

the longitudinal control: vehicles are able to keep a safe distance even in a full brake. We notice that the 

distances are still in the average of [6, 10] m for all the vehicles and the lines end at different time. In 

fact, as a result of the predecessor-following communication model, vehicles receive the full-brake alert 

at different moments. Therefore, the period needed to completely stop varies from one car to another. 
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Figure 18 - Lateral errors of different vehicles. 

 

 

 

Figure 19- Inter-distances. 
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Figure 20 - Inter-distances during a full-brake. 

From these results, we conclude that the number of vehicles has no strong impact on the longitudinal 

control quality except that values may be slightly larger than the safety distance. On the other hand, the 

tracking quality is much more effected due to the error propagation. Relating to our platoon, four 

followers are capable of following the leader vehicle with high performance. A platoon length of eight 

followers is acceptable but with a less efficient lateral control. Finally, adding a tenth follower is not 

permitted since the trajectory mismatching is large and the safety criterion may be neglected. 

The degradation of tracking quality for the last follower may lead us to question the quality of the PID 

controller and the adequacy of the gains. The tuning of PID gains is performed using the trial and error 

method. In fact, we performed scenarios for different gains, and the stated one offer the best tracking 

quality. When comparing two by two the trajectories of vehicles, we notice that they almost overlap 

which proves the effectiveness of the PID control. On the other hand, the followers are not following 

the reference path of the GL; in fact, the first follower is the only one tracking the GL path. 

The rest of vehicles are following their predecessor path (i.e., local leader) which explains the 

degradation of the tracking quality compared with the GL path. This basically stems from the following 

predecessor communication topology although this approach has the advantage of decreasing the 

number of communication messages. 
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Figure 21 - Cumulative distribution probability of distances in degraded mode.

 

Figure 22 - Inter-distances in degraded mode. (For interpretation of the references to color in the text, the reader is 

referred to the web version of this article.) 

 

Degraded mode: 

In order to simulate the communication degradation, we apply the Bernoulli distribution with a 

probability of packet loss equal to 20%, implying that only 80% of the packets are correctly exchanged 

between two vehicles. We set then a random variable depicting the packet loss probability. We 

emphasize that we study the worst case that all the vehicles are switching the degraded mode at the same 

time. The longitudinal PID controller and the lateral PID controller gains are respectively defined as 

follows: 

𝐾𝑃 = 0.7; 𝐾𝐼 = 0.005; 𝐾𝐷 = 1.0; 

𝐾𝑝𝑎 = 0.8; 𝐾𝑖𝑎 = 0.008; 𝐾𝑑𝑎 = 0.0.  

For the next scenarios, we limit the number of vehicles to five. We observe that a platoon with a larger 

number of vehicles simultaneously performing in a degraded mode is no more predictable. We start by 

studying the inter-distances variation in Fig. 20 that describes the cumulative distribution function of 

distances. This figure gives an indication on the inter-distances boundaries. Note that 20% of distances 

are estimated to be around 7.5 m. Most importantly, values do not fall below 2 m and exceed 13 m. It is 

important to notice that these values are the same in the normal mode. Fig. 21 exposes more clearly the 

distances variation from one follower to another. We notice disturbances for different slots of time, e.g., 



 D3.4 JU GA# 692529  

 

© The SafeCOP Consortium 27 

at t = 8 s, 20 s and 30 s. These disturbances are due to the mode switch. While activating the degraded 

mode, the vehicle does not apply any vehicle control which explains the rapid decrease of distance. 

However, these fluctuations have no strong impact on the platoon safety. In Fig. 22 , the trajectories of 

the vehicles are almost overlapped, except for the deviation on the second turn. It is probably caused by 

a switch to the degraded mode when turning. On the basis of this result, we conclude that our platoon 

model safely supports five vehicles that perform simultaneously in the degraded mode. 

 

Figure 23 - Trajectory matching of different vehicles in degraded mode. 

The switching between modes causes an instantaneous perturbation in the platoon. However, the platoon 

rapidly recovers itself and ensures the platoon safety. 

String stability: 

String stability is a significant property of a platoon. It refers to the capability of vehicles in attenuating 

the error propagation. In general, string stability is defined with regard to spacing errors, i.e., the spacing 

errors between vehicles are not amplified when propagated throughout the platoon. Denote by 𝑒𝑖, 𝑒𝑖+1   
the spacing error between two adjacent vehicles.  

Then, string stability implies that 

 

where 𝐸(𝑠) is the Laplace transform of the spacing error. 

We assess the string stability in our platoon for both modes by analyzing the inter-distances plots. In 

Fig. 19, we notice the expansion of distances for different vehicles. However, the distance expansion 

does not decrease from one vehicle to its follower. In other words, the error is not expending through 

the platoon. We notice the same behavior for the degraded mode in Fig. 21 where the green line 

(follower2-follower3) is beyond the yellow line in some parts of the plot. The control model has a great 

impact on the string stability as well as other factors. For our case, each vehicle is measuring the input 

data regardless the situation of other vehicles in the platoon which guaranties the string stability. From 

the figures of several simulations, the convergence rate of spacing errors is fast under the designed PID 

controller. 

Using a dual mode controller can substantially reduce the unpredictability of spacing, which is mainly 

caused by the changing velocity of the vehicles in the platoon, and the spacing error is not amplified 

along the platoon, which can guarantee the stability of the platoon system. 
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3.2.2 Discussion 
It is known that safety is one of the most inevitable concerns in the development of more autonomous 

road vehicles. Due to their complex behaviors and hybrid nature, the implementation of a safe platoon 

in different situations requires further testing and validation. In this work, a new methodology that has 

the potential to certify the safety of platoon systems has been proposed by proceeding various steps.  

This methodology: starts from the formal verification which applies an exhaustive verification of the 

most primary safety requirements in the platoon. Then, a reconfigurable controller is modeled, 

implemented and simulated on Webots. Therefore, the safety is approved by the experimental results. 

In the literature, it is known that local approaches suffer from the anticipation error problem. In fact, the 

majority of the available studies focus on platoons performing in a straight line (i.e., no lateral control) 

and asses the string stability. Only a few deal with both lateral and longitudinal control. 

In [28] , the authors implemented a three-vehicle platoon using a local control approach. The simulation 

results exposed a lateral error that reaches 0.4 rad. On the other hand, by our control model, vehicle 

perception capabilities in the DM which is a sensor-based solution has a good quality in terms of inter-

vehicle distance error and of lateral errors, i.e., the inter-vehicle distances do not fall below 2 m for both 

modes and the lateral error obtained did not exceed 0.2 rad. 

Consequently, we have proved that the PID controller is not merely convenient for lateral control like 

the work in [53] where they choose the sliding mode control rather than a PID controller for the 

longitudinal control and the number of vehicles was limited to four. 

The advantage of this methodology over other approaches is that during the GM, LM and in different 

scenarios, the safety of the platoon is well-studied and guaranteed thanks to the proposed methodology 

of verification where safety properties are addressed formally and experimentally. In [40]a bond graph 

model-based reconfiguration is proposed where the model can switch to the DM when a fault occurs. 

However, only one scenario is studied when a fault (i.e., a fault is identified based on the residuals of 

the wheels) occurs. Another recent work in [27] uses a reset control technique to adapt the inter-distance 

based on a simple bicycle model. Regarding the inter-distances, the performance of the platoon was 

better than the one with a linear control. However, more experiments are required to ensure the safety 

of the platoon. For example, the lateral control is not considered. 

In [47], a new approach is presented to predict acceleration values in case of the communication loss. 

However, through all the simulation results, the plots are drawn only for 20 s which is considered as a 

small period to assess the quality of control. To the best of our knowledge, there is no study in the 

automated highway system field that analyzes the relation between the platoon length and the tracking 

quality. Moreover, the simulation models are generally based on different simulators that require the 

implementation of the car physical model such as in [41].  

The proposed approach to implement a cooperative and safe platoon is expected to shape a methodology 

and furthermore open a new line in this direction by properly modeling and analyzing the safety 

properties of a reconfigurable controller. This can be done by following the proposed methodology that 

formally verifies safety properties, and then implements the model and evaluates various scenarios. 

Thus, one can be confident that the platoon has the potential to be safe especially when abrupt threats 

appear. 

3.2.3 Conclusion 
We presented an approach that deals with the linear platoon safety. The approach is based on a 

reconfigurable architecture enabling vehicles to withstand the communication failure. We propose an 

efficient PID controller for both longitudinal and lateral control models to ensure a safe tracking and 

following maneuver. We also validate joining/splitting maneuvers using the formal verification 

approach. Safety properties and the dissolution feature are verified as well using the model checking. 

Using the Webots software, we prove the impact of the platoon length on the quality of the tracking and 

define the limited number of vehicles in the platoon. Our longitudinal controller proves to be efficient 

to support a great number of followers. However, the lateral error propagation through the platoon 

causes a trajectory mismatching between vehicles. The Webots software provides better evaluation of 
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both longitudinal and lateral controller compared with the Uppaal software. This is due to the vehicle 

dynamics abstraction when using the formal verification.  

In a future work, we intend to grasp the communication quality and classify different types of the 

communication degradation to increase the platoon robustness with a large number of vehicles. We will 

be focusing then on the V2V communication layer and develop a suitable algorithm for better 

management of the delay and also the possible disturbances. In addition, we will study the platoon 

deadlock control and scheduling problem from a logical viewpoint by using Petri nets [22],[23], [42]. 
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3.3 Cooperative resource allocation and scheduling for 5G eV2X Services 

 

The requirements to enhance 3GPP support for 5G eV2X service are described in [55], where design 

requirements for 25 different 5G V2X use cases are presented. Such extensive requirements depend on 

different features of the system design. A short list of the most important 5G eV2X use cases as specified 

in 3GPP Rel.15 is given below:  

• eV2X support for vehicle platooning: information exchange such as join and leave, 

announcement warning etc.  

• eV2X support for remote driving: remote driving is quite different from autonomous driving 

where a vehicle is controlled remotely.  

• Automated cooperative driving for short distance grouping: automated cooperative driving is 

considered a combination of vehicle platooning with high demanding communication among 

the vehicles.  

• Collective perception of the environment: vehicles can exchange real time information, 

collected by vehicle sensors, among each other.  

• Cooperative collision avoidance: vehicles should be able to evaluate the probability of an 

accident by coordinating manoeuvres using cooperative aware messages and data from sensors. 

Table 2 summarizes the different use cases with the corresponding key performance indicators (KPIs) 

such as message payload size, payload reliability and latency. 5G use cases should be enabled with 

technologies, which can guarantee the requirements under an "out of 5G coverage" application scenario.  

 

Table 2 - Payload message size, reliability and latency 5G eV2X requirements 

5G Use Case Size (Bytes) Reliability (%) Latency(ms) 

Vehicle Platooning 300-400 90 25 

Remote driving 300-400 99.99 5 

Aut. Coop. Driving 1200 99.99 10 

Coll. Perc. Of Envir. 1600 99 100 

Coop. Collis. Avoid. 2000 99.99 10 

 

  

3.3.1 Cooperative resource allocation and scheduling 
 

In the standardized SPS resource allocation approach transmission collisions among the different vUEs 

may occur in the reselection window region found in the SPS procedure (Figure 24). To this end, the 

management of concurrent reselection avoidance is required. Our proposal consists of transmitting the 

counter values in each packet transmission so that the vUEs are aware of future concurrent reselection. 

Technology Description Table – TDT21 

Title: Cooperative resource allocation and scheduling for 5G eV2X Services    

Property: Timeliness 

Type: Protocol   

Description: Cooperative resource allocation and scheduling procedure for supporting V2X communications. 

Provider: DTU 

Provided as SafeCOP Technology Brick: NO  

Readiness: N/A 

Integration Status: N/A 

Additional Details: N/A 
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The vUEs will trigger counter reselection, if any of the received counters in the last RRI coincide with 

their own current counter. In this way, the system performs resource reselection close in time leading to 

a more free-of-collision reselection window. 

We present below the counter learning and reselection (CLR) mechanism. The counters considered for 

counter reselection (set A, hereafter) consists of the counters lower than the current counter. The interest 

in choosing only between the lower counters is based in not delaying the resource reselection triggering. 

In this way, if the transmission of the UE involved in the counter reselection is colliding with another 

transmission, we do not prolong the collision time. Then, considering the received counter values during 

the last RRI as 𝐶𝑅𝑋 = [𝑐0, 𝑐1, . . , 𝑐𝑁−1], where  is the  i-th received counter value and N is the number of 

received counters, the non-available counters (set B, hereafter) consists of C_RX \belongs (C_RX-1), 

where  𝐶𝑅𝑋 − 1 = [𝑐0 − 1, 𝑐1 − 1, . . , 𝑐𝑁−1 − 1]. 𝐶𝑅𝑋 − 1 are also considered in set B because, in case 

one of them is chosen, it will coincide with some surrounding UE counter when this surrounding UE 

has gone through another RRI, causing the same problematic situation that we are trying to avoid, which 

is that two close UEs have the same counter value simultaneously. Finally, when performing counter 

reselection, the UEs will randomly choose, with equal probability, one of the counters in the set Z=A\B. 

Another difference comparing to the standardized SPS approach is based on the counter value that is 

chosen when the current counter reaches 0 value. In the standardized approach, a counter range is 

specified so that the UEs randomly choose, with equal probability, one of the counters in the counter 

range defined as [C1,C2]. In our proposal, we fix the chosen counter to 63, i.e. C1=C2=63. This is 

because in case that the counter values among close UEs are already separated by the counter 
reselection approach they will probably continue to be separated in case they choose a fixed 
counter when the current counter expires, but they could 'collide' again if they choose a new 
counter randomly between a specific range. Finally, the parameter 𝑝𝑅𝐾  is removed from the 
system (or set to 0) since it no longer improves the performance of the algorithm. The operational 
procedure of the overall proposal running in each UE is given in Fig.6 below, where C represents 
the current counter value of the UE and 𝐶𝑅𝑋 represents the received counters from the 
surrounding UEs during the last RRI period. 

 

 

Figure 24 - CLR scheduling mechanism for eV2X services. 
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Figure 25 depicts results for the proposed approach using the parameter values from Table 2 (apart from 

C1 and C2) compared to the obtained results for the simulated standardized approach (in this case, using 

𝑝𝑅𝐾 =0.4), We also assume ideal channel conditions, i.e. SNR values with no errors.  

We can see that the proposed approach clearly achieves lower collision probability (0.34 % after 1000 

secs in the simulated scenario) than the standardized approach (1.43 %) in the dynamic scenario. 

Considering a static scenario, i.e., without UEs leaving and joining, we can see that the difference is 

even higher between both approaches. In fact, we can observe that in the static scenario the average 

collision probability is decreasing throughout all the simulation in our proposal.  This is because except 

for some collisions at the beginning of the simulation (caused by a random initialization of the UEs 

resources in the simulator) there are no more collisions afterwards. 

 

Figure 25- Average collision probability of standardized SPS and proposed scheduling for dynamic and static 

applications scenario 

We assume now two application scenarios (ASs), which can accommodate some of the features listed 

in the 5G use cases.  

In the first application scenario (AS1), we consider a use case similar to “vehicle platooning” where 

some vUEs periodically transmit packets with a payload of 3240 bits (about 400 bytes) while fulfilling 

a 25 ms latency requirement. In order to guarantee this latency requirement, we choose RRI=20ms and 

T2=20ms. QPSK is employed for AS1 due to the better BLER performance compared to 16QAM. We 

simulate two grid configurations with two different 𝑁𝑠𝑢𝑏𝑐ℎ values (5 and 2) to test the impact of this 

parameter into the system, even though 𝑁𝑠𝑢𝑏𝑐ℎ = 2  is not a standardized value [56]. Using 𝑁𝑠𝑢𝑏𝑐ℎ = 5  

(AS1a), the packet occupies 3 subchannels (𝐿𝑠𝑢𝑏𝑐ℎ = 3  ), which limits the number of possible allocated 

UEs to ten in case they perform packet retransmission. This is because the UEs transmit two packets 

every 20 ms and only one packet per subframe can be transmitted without collision.  

Five UEs are assumed for AS1a since, as seen in Figure 26, the number of UEs must be lower than the 

limit. In case of 𝑁𝑠𝑢𝑏𝑐ℎ = 2  (AS1b), the packet occupies 1 subchannel 𝐿𝑠𝑢𝑏𝑐ℎ = 1 ). This enables twice 

as many UEs to be allocated compared to the previous case for the fact that two packets can be 

transmitted per subframe instead of one.  

In this case, 15 UEs are assumed. Comparing AS1a and AS1b shows that by using 𝑁𝑠𝑢𝑏𝑐ℎ = 2  the 

collision probability is clearly lower than by using 𝑁𝑠𝑢𝑏𝑐ℎ = 5  , even though the number of UEs is three 

times higher. This demonstrates the importance of the grid configuration as well as that 𝑁𝑠𝑢𝑏𝑐ℎ = 2  can 
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be a useful value for this configuration even if not standardized.  

Regarding AS1b and AS2, it is shown that the less-stringent latency requirement does not make the 

collision probability to be lower for AS2. In fact, the results show that collision probability for AS2 is 

higher than for AS1b. This is because each packet in AS2 occupies all the subchannels in the grid, 

whereas in AS1b only half of them. More generally, it can also be seen that the collision probability is 

higher when using retransmission (Rt = On); however, it is below 1 % in in the long run for all simulated 

scenarios, which guarantees a reliability of 99 % in good channel conditions as shown in D3.2 about the 

BLER results achieved using SL D2D modes 3 and 4. 

 

Figure 26 - Average collision probability for different Application Scenarios (ASs). 

3.3.2 3GPP implementation details 
Figure 27 depicts the structure of the SCI format 1 message, transmitted in modes 3 and 4 in PSCCH 

and used for the scheduling of PSSCH [57]. The SCI format 1 consists of the fields shown in Fig.10, 

where “RIV”, which stands for Resource Indication Value, represents the “Frequency resource location 

of initial transmission and retransmission” field, “Time gap” represents the “Time gap between initial 

transmission and retransmission” field, and “Rt. idx” represents the “Retransmission Index” field. 

According to [57], all the SCI format 1 fields but “RIV” occupy a fixed number of bits, which sum 17 

bits in total. The number of bits required for “RIV” depends on the number of subchannels in the 

resource grid and it might range from 0 to 8 bits. Reserved information bits are added (and set to zero) 

until the size of SCI format 1 is equal to 32 bits. Therefore, at least 7 bits are not used (set to zero) in 

each SCI format 1 transmission. In our proposal, we assume that the UEs transmit their current counter 

value in each transmission and that the maximum counter value is 63, i.e., it can be represented in 6 bits. 

Therefore, we propose for the counter to be transmitted in each SCI format 1 transmission in place of 

some of the reserved information bits. In this way, the UEs are able to know the counter value of their 

surrounding UEs by just decoding the SCI. 

 

Figure 27 - SCI format 1 fields. 
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3.4 Ultra-reliable distributed control for cooperative vehicular CPS 

 

A vehicular CPS (vCPS) is considered in our study, where all vCPS communicate through wireless 

communications and machine-to-machine (M2M) type of communications that are driven using the 

required pattern. Such a pattern is implemented through cooperative awareness and distributed control. 

This is considered a complex modeling and thus, we propose a distributed control plane (DCP) using a 

layered approach, which aims to provide the following functionality to support the cooperation among 

the vCPS [58]:  

• Providing point-to-point connectivity information in order to ensure end-to-end network 

integrity. 

• Mapping of vCPS information into particular local control tasks supporting the cooperative 

global task.  

• Actuating the cooperation by controlling the cooperative task locally and globally.  

Such a layered architecture also guarantees the interoperability (i.e. different type of communication 

protocols and distributed control) required for successful implementations.  

The proposed DCP integrates three different levels of functionalities, formulating a type of protocol 

suite. On top of the protocol stack, a cooperative awareness message (CAM) application protocol is 

situated that is responsible to transmit and receive the messages to each vCPS. CAM application 

protocol conveys useful information related to the cooperative task. The CAM application protocol is 

implemented on top of a communication protocol that is a machine-to-machine (M2M) protocol 

providing a single-hop communication (similar to V2V communications) [59].  

At the bottom of the architecture, a distribute control protocol is situated, which is responsible for 

mapping the CAM information exchanged among the vCPSs to a particular control functionality. The 

distributed control functionality should be divided into local and global in order to accomplish the 

cooperative task. The specification of the cooperative task is required and the corresponding distributed 

control protocol that consists of the local actuators and the global ones as it is discussed later in this 

paper.  

Technology Description Table – TDT22 

Title: Ultra-reliable distributed control for cooperative vehicular CPS 

Property: Safety 

Type: Protocol   

Description: A communication protocol that can allocate the resources, i.e. channels, to each vCPS with high 
reliability and low latency.  

Provider: DTU 

Provided as SafeCOP Technology Brick: NO  

Readiness: N/A 

Integration Status: N/A 

Additional Details: N/A 
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Figure 28- Distributed control plane functional architecture. 

To design a distributed control system for vCPS, the following are required:  

• to provide distributed control techniques for a linear control system 

• to provide a communication control channel to send critical control messages.  

To this end, we first describe below the distributed control and next, the communication control channel 

details.  

We assume an adaptive cruise control (ACC) system in order to model a leader-follow formation control 

for our vCPS use case. Leader-follower formation control for mobile robots using model predictive 

control is recently proposed in [60]. It is known that an ACC system uses its two modes: a) speed control 

mode and b) space control mode, where the first regulates the vehicle speed at a driver-defined setting 

and the second to avoid a collision with the leader vehicle. Space control can be implemented based on 

constant spacing or on constant time gap. Moreover, the space control should be implemented with a 

particular car-following policy.  

For testing controller behavior when the driver chooses to change the gap setting, only two vehicles 

were used, one of them acting as the leading vehicle and the other one running the ACC controller. The 

vehicle dynamics are considered according to the following open-looped cruise control transfer 

function:  

 

which approximates the dynamics of the throttle body and vehicle inertia. The vehicle dynamics block 

has connection with the MPC system, where the former gives the actual velocity 𝑦𝑎 as an input to the 

latter. The MPC gives always its own acceleration value  𝑎𝑖  to the vehicle dynamics. Finally, the vehicle 

dynamics of the leader sends out through wireless communication the pair of velocity and 

position {𝑥0, 𝑦0}. Fig.3 depicts also the specified safe distance 𝑑𝑠 and the actual distance 𝑑𝑎 that the 

overall ACC system must retain by interchanging between speed and headway modes of control.   
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Figure 29 - ACC enabled by MPC. 

The cooperative task is provided through wireless communications that enables eventually the 

distributed control among different vCPS. The most known standard for vehicular type of 

communications is considered the dedicated short-range communications (DSRC) standard [61].  

DSRC uses the layered protocol architecture based on the IEEE 802.11p and IEEE 1609 family 

standards. DSRC protocol above layer 2 divides into two stacks. General application and service can 

use both traditional protocols (UDP, TCP and IPv6) and new protocol (WAVE Short Message Protocol). 

WSMP is simple, efficient and specifically customized in the vehicular environment instead of layer 3 

and 4 Internet protocols. The logical link control (LLC) sub-layer protocol stack uses IEEE 802.2 

standard. LLC protocol frequently uses Subnetwork Access Protocol (SNAP) to identify the protocol 

associated with the payload of upper layer. DSRC MAC and PHY are defined in IEEE 802.11p. 

Especially, Multi-Channel Operation protocol is newly added in MAC to support multiple channels. 

This multi-channel operation concept is defined in IEEE 1609.4 standard. DSRC device in VANETs 

should encapsulate the safety message from application layer to PHY layer. Each layer of WAVE 

protocol architecture attaches the protocol header in order to compliance with the current layer protocol. 

Application selects the message set, data frames and data elements for its purpose from SAE J2735 

DSRC message dictionary. Those messages are composed and encoded as WAVE Short Message 

(WSM) format and become the WSMP payload.  

We tried to summarize the analysis above into the frame slot as encapsulated from the MAC to PHY 

layer in order to transmit from one vCPS to another, i.e. through M2M type of communications. 

According to DSRC, the full MAC frame format is passed to the PHY layer through the Physical Layer 

Service Data Unit (PSDU). Depending on the specified target rate, e.g. 12Mbps, the PHY layer is being 

processed with a total of 55.3μs time period, where 32μs is for the PLCP preamble, 8 μs for the signal 

field and 15.3 μs that provides the service field, the PSDU, the tail and the PAD [62]. Fig. F3 depicts 

the generic format of the time slot which is divided into the PDU part with control information denoted 

as (n-l) , e.g. 55.3 μs and the CAM part that conveys the actual data information denoted as 𝑙   while the 

overall time slot is denoted as n. This notation is used also below to provide the ultra-reliable and low 

latency solution for cooperative vCPS.   
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Figure 30 - Time slot for M2M communications. 

Wireless communications in networked robotics is still an open challenge. Although robots 

communications can be assumed as an ad hoc network application, conventional mechanisms can not 

be used [63]. Cooperation with reliability and low latency is more important than having higher data 

rates. An interesting application could be considered using wireless communications with short packets 

like an internet-of-thing (IoT) application. Such a design should provide a type of communication 

protocol with short packets. Key design factors of such a protocol are the number of information bits k 

and the number of the overall packet size n, where (n-k) is considered the number of the control bits. 

The rate approximation for a particular packet size n and information bits k for a specific packet error 

probability 𝜖 is given as follows [64]:  

Using the analysis above, we are going to derive reliability 1 − 𝜖(𝑙, 𝑛) and spectral efficiency 𝑆𝑒 results 

for different (1/n) values. The (1/n) values could vary from 1/6 for low data rates to 2/3 for higher data 

rates according to the performance analysis of the WAVE control channels [62]. Thus, we obtained 

results and Fig.4 below depicts the reliability in % versus SNR values in dB for different number of n 

values and ratios 1/n. It is observed that a higher number of packet length n gives a higher reliability. 

This is due to the short packet design requirement as pointed out in [64]. Lower number of information 

bits that means higher number of control bits will result in an additional higher reliability.  

 

Figure 31 - : Reliability vs. SNR in dB (blue line l = n/3, red line l=n/2 and black line l=2n/3) 
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Moreover, Figure 32 below depicts the spectral efficiency, where spectral efficiency is calculated as 

follows 𝑆𝑒 =
1

𝑛
𝑅 achieved for different n packet size values and ratio 1/n. It is observed that the higher 

the information bits k, the higher the achievable spectral efficiency. A high packet size results also in 

higher spectral efficiency as expected.  

 

Figure 32 -Spectral efficiency vs. SNR in dB (blue line l = n/3, red line l=n/2 and black line l=2n/3). 

Therefore, we aim to design a distributed solution, i.e. a communication protocol that can allocate the 

resources, i.e. channels, to each vCPS with high reliability and low latency. Ideas from both [64] and 

[65] will be taken into account in order to conclude to our solution described below.    

We would like to design a distribute solution that can provide decisions about the overall frame structure 

in an adaptive fashion. In particular, the frame can have different sizes per vCPS use case instant 

retaining the overall delay at a specified level providing the reliability in parallel too. To this end, we 

formulate the problem below, where the spectral efficiency maximization is considered as the objective 

function subject to the overall frame to not exist 𝑁0, the overall delay 𝐷𝑡𝑜𝑡  to not exist  𝐷0  , where 

delay is considered the latency requirement that is equal to overall adaptive frame T format, and the 

𝑝𝑒𝑟𝑖 per vCPS to be always below 𝑝𝑒𝑟0 to retain the required reliability. The final problem formulation 

is as follows: 

 

In order to solve such a problem, an heuristic algorithm that combines also the Hungarian method is 

devised. Such heuristic algorithms are considered practical to many wireless communications use cases 

such as device-to-device (D2D) [66].  

The proposed algorithm is mainly devised to reduce high computational complexity guaranteeing 

however the reliability and latency constraints. The assignment problem is a linear program, where in 

our case the number of sources (channels) equals the number of designations (vCPS), all number of N. 
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The proposed algorithm is mainly devised to reduce high computational complexity guaranteeing 

however the reliability and latency constraints. The assignment problem is a linear program, where in 

our case the number of sources (channels) equals the number of designations (vCPS), all number of N. 

The algorithm can be found below (Algorithm 2), where first the frame T is equally divided into time 

slots 𝜏𝑖 =
𝑇

𝑁
, ∀ 𝑖𝜖𝑁 vCPS. Next, checking out the total latency requirement 𝐷𝑡𝑜𝑡 < 𝐷0 is guaranteed. In 

the sequel, the SNR values 𝛾𝑖 γ_i are calculated per vCPS and the HM is activated to assign new 𝜏𝑖 for 

𝑝𝑒𝑟𝑖 < 𝑝𝑒𝑟0, ∀ 𝑖𝜖𝑁 vCPS. At the second level, the HM is activated to keep the 1/n values over a set of 

M. The set M is the number of 1/n values that are considered to each application scenario, which 

maximizes the spectral efficiency by selecting the 𝑙 − 𝑛  value over the n packet size. Finally, the 

complexity the proposed algorithm is equal to 𝑂[max (𝑁, 𝑀)3] where when M=N the complexity is 

getting lower and equal to 𝑂[max (𝑁)3] [66]. The proposed algorithm is named heuristic adaptive 

resource allocation (HARA) algorithm that can be implemented both in centralized and decentralized 

fashions.  

Algorithm 1 - Heuristic Adaptive Resoruce Allocation (HARA) 

 

Regarding the leader-follower use case, we assume that the speed of a vCPS could be retained among 

15km/h to 30km/h, which is considers a regular speed for mobile robot applications. Thus, our 

simulation results are carried out with a value of 5m/s to 10m/s. With such speed specification, the safe 

distance between two vCPS can be kept below 10m, where safe distance is the difference of the actual 

distance from the specified one. To this end, the following mode switching are provided to the system:  

• Speed control mode in case of maintaining the target speed.  

• Gap control mode in case of maintaining the target space gap.   

The mode switching is enabled by MPC and controlled by the input information {𝑥0, 𝑦0} sent out by the 

leader to follower through wireless communication. Such control information can be transmitted 

through wireless communications, e.g. a V2V service. We assume that the update time k of the MPC 

presented in Sec.III.A is the slot time 𝜏 by which a vCPS receives message payload.  

Under the assumptions above, the requirement is to keep the reliability and the latency high and low 

respectively for a particular payload message size. To this end, we provide simulation results obtained 

using our simulation setup. Fig.7 depicts the safe gap in meters between the leader and the follower for 

different reliability constraints. The latency is considered T=50ms, where is adequate time to process 5 

vCPS of 𝜏𝑖 = 5𝑚𝑠. This value should be extended to higher latency requirements in order to allocate 

more vCPS. In case now of ultra reliability, i.e. 99.99%, the gap is below 10m even in case of high 

acceleration. However, the lower reliability makes the situation worst exceeding the threshold of 10m 

even in case of a moderate reliability equal to 90%. We have also plotted results for different acceleration 
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pattern denoted as low and high, where the higher acceleration is possible to be managed over the time. 

We also highlight the points that Join/Leave maneuvers can be carried out over time, where in low 

acceleration the things are much doable to retain ultra-reliability even at the beginning.  

 

Figure 33 - Gap in meters over time for different reliability constraints in case of space gap (solid lines) and leader 

speed (dashed lines) outdated information. 
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3.5 Machine Learning techniques applied to platooning 

 

This contribution outlines how machine learning may be used to identify the best allocation of control 

parameters in platooning settings. The stability of the platoon is taken as a reference. 

String stability (SS) in platooning means that speed and acceleration fluctuations are attenuated 

downstream the string of vehicles of the platoon. [67] and [69] are two good examples of how setting 

the control parameters to achieve stability may be a hard task.  

Being 𝒗 and 𝒅 the vectors of speed and reciprocal distance of the vehicles, we consider here the 

following system dynamics:  

 

and control law (Figure 34) of [70]:  

 

The following setting is applied: 𝑁 = 2 (3 cars in the platoon), 𝑎𝑖 = 0 (tire/road rolling resistance), 𝑏𝑖 =
0.43  (aerodynamic drag), 𝑚𝑖 = 1050  Kg 𝑖 = 0, … 𝑁 − 1  (weight of the cars). The breaking force 

applied by the leader is: 𝐹0 = −500 · 𝑠𝑖𝑛 (0.2 · t). Variable communication delays (del) between the 

vehicles are considered as well. For the sake of simplicity, only fixed delays are applied.  

The performance metric to measure SS is 𝐽 =  Σℎ|𝑣2(ℎ) − 𝑣0(ℎ)|, being ℎ the sampling index over time, 

ℎ = 0, … 𝐻, being 𝐻 the time index at the end of the observation horizon (300 s).  

 

Figure 34 - Breaking function with k=1. 

Technology Description Table – TDT23 

Title: Machine Learning techniques applied to platooning     

Property: Safety 

Type: Method and a tool   

Description: Machine learning techniques to identify the best allocation of control parameters in platooning 
settings. The stability of the platoon is taken as a reference.   

Provider: CNR and IMPARA 

Provided as SafeCOP Technology Brick: YES (TB035)  

Readiness: Complete 

Integration Status: In progress integration with UC3 

Additional Details: N/A 
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A family of control laws of the type above are considered by introducing the k parameter that multiplies 

the cubic part of the control law, namely: 𝑔(𝑑)  = 𝑚𝑎𝑥 {𝑘 · [50 (𝑑 − 27) + 4 (𝑑 − 27)3] , −10000}. 

The k parameter is studied here to achieve SS. Figures 14-17 show the effect of setting k=1 and k=30 

with: del= 5 ms, 𝑑𝑖(0) = 40 m and 𝑣𝑖(0) = 110 Km/h, 𝑖 = 0, … , 𝑁 − 1 (the last two are the initial 

distance and speed in the platoon, respectively). The figures suggest that 𝐽 < 1 values are associated to 

SS. This was validated by further experiments, not reported here. 

 
Figure 35 - Sinusoidal decrease of leader (car=0). (0)=40 m; (0)=110 Km/h. Vehicles speed. k=1. Large oscillations, 

J=2.744. 

 

 
Figure 36 - Sinusoidal decrease of leader (car=0). (0)=40 m; (0)=110 Km/h. Vehicles distance. k=1. Large oscillations, 

J=2.744. 
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Figure 37 - Sinusoidal decrease of leader (car=0). (0)=40 m; (0)=110 Km/h. Vehicles speed. k=30. Small oscillations, 

J=0.653. 

 

Figure 38 - Sinusoidal decrease of leader (car=0). (0)=40 m; (0)=110 Km/h. Vehicles distance. k=30. Small oscillations, 

J=0.653. 

 

3.5.1 Minimum breaking force 
We want to discover the minimum k (i.e., minimum breaking force) to guarantee SS under the following 

conditions: 𝑑𝑒𝑙 ∈ [1,15] ms, 𝑑(0) ∈ [25,40] m, 𝑣(0) ∈ [90,110] Km/h.  

The non-linearity of both dynamics and control law makes the analytical derivation of stability 

conditions intractable. Machine learning may be applied to derive a model for SS only on the basis of 

samples, acquired during the system evolution. A dataset is built by simulating the system under the 

chosen conditions and registering the 𝐽2 variable in correspondence of registered stable and unstable 

behaviours of the platoon: 𝐽2 = {“𝑠𝑡𝑎𝑏𝑙𝑒” 𝑖𝑓 𝐽 ≤ 1, 𝑒𝑙𝑠𝑒 “𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒”}.  

Two thousand (2000) samples of system conditions are derived with a simulation time of less than 10’ 

over an IntelCore i7 @2.4 Ghz. The Logic Learning Machine (LLM) [68] is then applied to map the 

variables into the 𝐽2 output. The mapping is expressed by the boolean rules reported below (only rules 

with high covering for the “stable” class are reported). 
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Table 3 - Rules for “stable” class with: 𝑑𝑒𝑙∈[1,15] ms, 𝑑(0)∈[25,40] m, 𝑣(0)∈[90,110] Km/h. 

 

The covering metric measures how many points of a class are synthetized by a rule (e.g., for rule 1: 91% 

of “stable” points satisfy rule 1); the error measures how many points are misclassified by that rule on 

the other classes (e.g., for rule 1: 3.9% of “unstable” points are misclassified, i.e., assigned to “stable” 

class by rule 1).  

By introducing safe margins over the thresholds presented in the first 4 rules, it is intuitive to state the 

following conditions for stability with 𝑘 = 8: 𝑑𝑒𝑙 ∈ [1,9]  and 𝑑 (0) ∈ [31,40]  (independentlyto 

𝑣(0) ∈ [90,110]). This was validated by further 1000 test samples as well.  

Rule 5 also suggests another setting of k with 𝑑𝑒𝑙 ∈ [10,13]. Together with rules 1-4, it appears that the 

[13,15] range for delay is related to unstable behaviours.  

This is confirmed by the delay histogram reported below. Values of the histogram below 10 ms are 

mapped onto the two classes with an equivalent proportion of samples; this suggests the use of the other 

parameters to discriminate between the two classes (as done by the presented rules). 

 
Figure 39- Delay histogram. 

3.5.2 Optimal allocation of thresholds  
In general, one may want to find the relation among: minimum distance, minimum breaking force and 

maximum delay, still achieving stability. In order to understand how tricky the problem is, we firstly 

start from data visualization.  
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Figure 40 - Scatter plots of k-del and k-(0). 

Figure 40 reports the scatter plots of the three variables. The empirical rule found above by further 

filtering rules 1-4 of Table 3 (i.e., 𝑘 = 8, 𝑑𝑒𝑙 ∈ [1,9] and (0) ∈ [31,40] ), actually identifies stable areas 

over ranges of delay and distance under minimum breaking force.  

In order to find minimum delay as well, we start from the k histogram (Fig. 8) and set 𝑘≥9 in the 

following analysis. The information with 𝑘<9 is not considered anymore, being 𝑘=9 on the border of 

stable/unstable classes. We then apply the LLM over the subset of data corresponding to 𝑑(0) ∈
[30,40]. The rules obtained are reported in table 2. Rules 1 and rules for the unstable class help easily 

identify 𝑑𝑒𝑙=10 as the minimum delay with 𝑘=9 as stability conditions in 𝑑 0 ∈ 30,40 . This was 

validated over another test set of 1000 points.  

 
Figure 41 - k histogram.  

The situation with 𝑑(0) ∈ [25,30] is much more complicated as outlined by the 𝑑(0) histogram (Figure 

42): only instability seems arising over that subset of data. Is there any setting of the other parameters 

to still achieve stability?  

The analysis on the new subset: 𝑘≥9 , 0 ∈ [25,30] , over a new training set with 1000 points, leads to 

an unbalanced proportion of registered unstable outputs (Figure 42), while a balanced proportion 

between the two classes appears in the previous analysis. Moreover, the 𝑑(0) ≤ 27  rule has been 

obtained by the LLM in the 69% of the unstable cases. These two facts give a clear indication that the 

𝑑(0) ∈ [25,30] interval should be avoided or restricted even more: (0) ∈ [28,30]. By further restricting 

the analysis on that interval, several rules (similar to the ones already reported) are found with a coverage 

lower than 40%. In virtue of such reduced coverage, the most restricting thresholds are considered and 
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successfully validated over a new test set of 1000 points: 𝑑𝑒𝑙=2, 𝑘=11. 

 

Table 4 - Rules on SS with: k ≥ 9, d 0 ∈ 30, 40 (del ∈ [1, 15], v(0) ∈ [90,110]). 

 
 
 

 

 
Figure 42 - d(0) histogram. 
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Figure 43 - SS histogram with: 𝑘≥9, 𝑑 0 ∈ 25,30 (𝑑𝑒𝑙∈[1,15], 𝑣(0)∈[90,110]). 
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4 Final Remarks 

4.1 Overview of contributions 

Overall, technical contributions presented in this report are quite complete, several with supporting 

publications, and proven results. They begin with a platooning control model and a Webots simulation 

model, which is being currently used in UC3 to test, evaluate, and validate the platooning robotic 

testbed. Then, we delve into a cooperative resource allocation problem for enabling V2X in 5G 

networks, a hot and important topic. Then, we shift into IEEE 802.11p-based V2V networks, and 

propose a cooperative reliable allocation mechanism that can allocate the channels, to each vCPS with 

high reliability and low latency. The proposed algorithm is mainly devised to reduce the high 

computational complexity guaranteeing however the reliability and latency constraints. 

Finally, we look into the application of machine learning techniques to platooning, in particular by 

finding the relation among minimum distance, minimum breaking force and maximum delay, while 

guaranteeing platooning stability and ensuring safety. The table below, provides an overview of the 

contributions. 

Table 5 - Summary of technologies 

TECHNOLOGY PROPERTY 
ADDRESSED 

TYPE PARTNER SAFECOP 
TECHNOLOGY 
BRICK 

SECTION 

DUAL MODE VEHICULAR 
PLATOONING CONTROL MODEL   

Safety Control 
Model 

ISEP  TB019 3.1 

VEHICLE PLATOONING 
SIMULATOR IN WEBOTS 

Safety Method ISEP TB020 3.2 

COOPERATIVE RESOURCE 
ALLOCATION AND SCHEDULING 
FOR 5G EV2X SERVICES    

Safety Protocol DTU N/A 3.3 

ULTRA-RELIABLE DISTRIBUTED 
CONTROL FOR COOPERATIVE 
VEHICULAR CPS 

Safety Protocol DTU N/A 3.4 

MACHINE LEARNING TECHNIQUES 
APPLIED TO PLATOONING     

Safety Method 
and tool 

CNR and 
IMPARA 

TB035 3.5 

      

 

4.2 Conclusions 

This report provides a total of 5 important pieces of technology, most of them already integrated in the 

SafeCOP platooning Use Case (UC3) or under integration. Importantly, most of the contributions focus 

heavily on improving safety of the cooperative processes either by encompassing communication 

shortage in the control models or by increasing the reliability of the communications protocols. Notably, 

in addition to methods and protocols, a set of tools was also developed e.g., the Webots simulator model 

and the machine learning software framework, which greatly eases the process of UC development. 

Many of the proposals are still under integration in the respective UCs which means, despite the 

preliminary results obtained either analytically, in simulations or in testbeds, the validation in the UC 

scenario is to be carried out in the long run, and should be ready be the end of the project. 
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