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Executive summary
This document presents the interaction protocols developed for execution of scenarios defined
within the iGame project. There are three proposed scenarios out of which two are meant
for the competition. The first scenario is focused on lane reduction due to a road closure on
a highway. The second scenario addresses cooperation at an intersection, where a vehicle on
a secondary road gets priority to enter a main busy road.
The proposed interaction protocols are characterized by a sequence of maneuvers to execute the scenario together with the corresponding communication message sets. Moreover,
the vehicle control system should be equipped such that these protocols can be implemented.
The most important feature of the design strategy is to decompose the scenarios into a sequence of basic maneuvers. Although the two discussed iGame scenarios are very different
in nature, the proposed design strategy is to follow the common control objective of platooning. However, for realization of each scenario, additional controllers to platoon control are
designed to perform the specific tasks required in each scenario. These additional controllers
are obstacle avoidance and intersection controllers for scenarios 1 and 2, respectively.
The design methodology for scenario 1 is based on distributed decision making where no
fixed supervisor is required. In other words, instead of a centralized decision making mechanism, each vehicle uses its local information to decide its relevant role during the execution
of the scenario. The interaction protocol is following the actual daily traffic and the way that
human drivers interact in different traffic occasions. This protocol consists of three major
stages of initialization, pairup (in two phases), and merging. In the proposed approach,
there is a minimal need to exchange wireless messages and it can be easily implemented to
actual on-road traffic scenarios. Also, the resulting solution is not limited to the proposed
scenario but might serve several objectives/scenarios. A simplified version of the designed
protocol was simulated and tested using a simulation model.
The interaction protocol for scenario 2 of iGame manages the formation of virtual platoons inside the intersection’s Competition Zone. The virtual platoon indices are determined based on the vehicles’ lanes and intentions from which it is decided if the vehicles
have crossing or non-crossing trajectories. This virtual formation allows the vehicles to cross
the intersection in a safe manner. The functionality of the protocol will be demonstrated in
Deliverable D2.2 where we will present simulations for the maneuvers required to complete
the scenario.
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Introduction

This document, i.e. deliverable 2.1, focuses on the interaction protocol design to be used by
iGame participants. This protocol defines the sequence of maneuvers to perform a scenario
and a corresponding wireless message set to inform the vehicles that are engaged in the
scenario execution. Before continuing with design of such a protocol, we first give a short
explanation on the project itself and the scenarios to be covered within the project.

1.1

iGame project

The i-GAME project is meant to facilitate development and real-life implementation of automated driving with a focus on cooperation supported by wireless communication between
the vehicles and between vehicles and road-side equipments.
Within this project several work packages are defined. The focus of work package two
(WP2: Interoperable Vehicle) is on design, implementation, and testing of a reliable, failsafe supervisory control system, incorporating both vehicles and roadside infrastructure [1].
In this work package, the entire control system including the supervisory layer as well as the
real-time controller should be designed such that the three scenarios defined and proposed
in WP1 are executable. These scenarios will be explained in the upcoming sections. In
addition to the control system design, for verification purposes, a simulation toolset should
be designed. Using a set of benchmark vehicles, the envisioned developments in WP2 will
be thoroughly validated in practice in WP4. Moreover, WP2 should provide WP3 with
the required elements of the interaction protocol, as part of the supervisory control system,
which are needed for the developments in WP3. Finally, WP2 aims to support WP5 by
means of dissemination of the results to the teams.

1.2

iGame scenarios

In total, three scenarios have been defined by the iGame organizers. Among these three,
two are considered as part of the competition, whereas one is for demonstration purposes,
only. These scenarios are described in the following sections.
1.2.1

Description of Scenario 1

Scenario 1 is described in [2] as: Two platoons are approaching a construction site on a
highway. The left platoon (A) and the right platoon (B) receive a message from a RSU
saying that they are approaching a construction site with information about the position of
and the speed limit on the construction site. The participating vehicles must merge the two
platoons into the available lane for passing the site. This merging operation should take
place as late as possible and still before the Competition Zone (CZ).
This scenario is visualized in Figure 1.
1.2.2

Description of Scenario 2

In this scenario, described in [2], three vehicles approach a T-intersection (Figure 2). All
three competing vehicles pass the line of the Competition Zone (CZ) at exactly the same
time with the same velocity, and are not allowed to respond to communication from other
competing cars before this time. Once all the vehicles have passed into the CZ (front of the
vehicle), they will collaborate to allow V1 to enter the main road first and in a safe manner
(Figure 3). When V1 is on the main road after taking a left turn, all vehicles accelerate to
cross and leave the intersection as soon as possible. The scenario ends when the last of the
three vehicles (front of the vehicles) has left the CZ (Figure 4).
All vehicles negotiate a speed that is optimal (to complete the scenario as fast as possible)
allowing passage for V1 without stopping or violating a minimal safety (Euclidean) distance
between vehicles.
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Figure 1: Description of scenario 1 of iGame.
1.2.3

Description of Scenario 3

This scenario, shown in Figure 5, is described in [2] as: “An emergency vehicle (EV) is
approaching a congested traffic situation and signals the intent to pass the traffic congestion
in a given position (left / middle / right side). The cooperating vehicles know at which time
the EV will be close and act in a cooperative manner to create room for the EV. Vehicles
continue with reduced speed during the maneuver. When the EV has passed, the vehicles
resume position within their lane and resume speed.” Execution of this scenario is not part
of the competition but is meant for demonstration purposes only. Hence, in this document
we only address the first two scenarios which are part of the competition.

1.3

Description of the tasks and role of involved parties

This document, i.e. Deliverable 2.1, should reflect the results and progress of Task 2.1 as
defined in [1]:
This task is focused on development and verification of an interaction protocol for the
participating vehicles such that they become interoperable. This requires that the control
system of a vehicle is specified and tested for the execution of the proposed scenarios. Here
the traffic rules need to be taken into account. The interaction protocol can be viewed as
the upper layer of a supervisory control system that provides decentralized inputs for the
real-time feedback-control, being the lower layer of the supervisory system, of the vehicles
involved. The input variables of the lower layer may have typical (sampled) sensory information like acceleration, velocity, steering velocity, but also discretized or fuzzified information
as driving straight, red light in 1km, or platoon/other vehicle approaching, etc. The interaction protocol should enable the successful interaction in the three proposed scenarios as
described previously. The interaction protocol will be tested and evaluated on a simulation level using the available commercial softwares, e.g. Simulink, as well as the developed
simulation toolset.
The performance of this task is led by TNO, integrated vehicle safety department, and
is supported by TU/e and Viktoria.
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Figure 2: Description of scenario 2.
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Figure 3: V1 entering the main road in
scenario 2.
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Figure 4: End of the scenario 2.

Figure 5: Description of scenario 3 of iGame.
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Control system architecture

To be able to perform the proposed scenarios, an interaction protocol between the platoon
members should be defined. This protocol can be represented by a sequence of maneuvers
to perform a scenario and a corresponding wireless (communication) message set to inform
the vehicles that are engaged in the scenario execution. As a result, in addition to the
communication capabilities, the vehicle control system must include functionality to execute
the sequences/actions envisaged in this protocol. One way to address this functionality is
to adopt a pure decision making mechanism, which decides at each circumstance for each
platoon member to do what, e.g. who makes the gap, how large the gap should be, etc.
This is a relatively simple approach for limited number of maneuvers. However, with the
introduction of new maneuvers, the design should be repeated due to the ad-hoc nature
of such a design methodology. Alternatively, the required functionality can be added by
enhancing control laws such that these interactions are included in the control design, e.g.
the controller provides needed acceleration action when there is a need to make a gap. In
this approach, the control design may initially be more complex, but the design is scalable
to a larger number of maneuvers. In iGame project, we choose the latter approach which
is based on enhancement of controllers for sake of execution of the scenarios. It is worth
mentioning that, even with including such controllers, not all the interaction sequences can
be included in the controller design. In other words, there are features that still need to
be covered by a logic-based approach, e.g. the routines to assure a safe execution of the
maneuver.
In summary, in performing Task 2.1, our approach is to design appropriate controller
agents which are capable of performing the proposed scenarios. For execution of both
scenarios 1 and 2, a common control agent is designed which ensures platooning. This is
realized by help of a cooperative adaptive cruise controller (CACC). Then, for each scenario,
additional controllers are designed to perform the specific tasks required in each scenario.
These additional controllers are obstacle avoidance and intersection controller for scenarios 1
and 2, respectively. In the following subsection, we give an overview of the control structure
to be implemented to a benchmark vehicle at TNO.

2.1

Benchmark vehicle control system architecture

In order to perform the required maneuvers for the execution of iGame scenarios, each platoon vehicle needs to be automated in longitudinal direction. Lateral automation is not
required but might be considered to be rewarded in the evaluation procedure. Moreover,
each vehicle is required to be able to build a “local dynamic map”, containing information
on potentially relevant traffic participants. Finally, each vehicle needs to be able to act according to a control objective which is specific to a certain phase of each scenario. Hence, the
control objectives will dynamically change during the scenario implementation, as controlled
by a supervisory controller. The proposed control system architecture to be implemented
in the benchmark vehicle is shown in Figure 6. Some of the components seen in this figure,
which are relevant for the present document, are explained in the upcoming sections. The
rest of the system components will be explained in another document prepared on Task 2.2,
i.e. Deliverable 2.2. The control system has the following layered architecture:
• Perception layer: includes host and target tracking algorithms.
• Information layer: classifies the perceived objects, e.g., in-lane, left lane, right lane,
closest object, etc.
• Control layer: contains the control functions (or agents as we will see later), such as
vehicle following, obstacle avoiding, lateral controller, intersection controller, etc.
• Supervisory layer: activates the required control agents needed for achieving a
specific control objective, e.g. vehicle following or intersection control, etc., determines
the desired role of the host vehicle, e.g., being a platooning vehicle or a gap-making one,
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etc., invokes the corresponding message sequence and maneuvers, and tunes vehicle
settings, e.g. cruise speed, according to the vehicle’s action role.
I2V
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layer

info

Real-Time CACC
Platform

HMI
settings Platform

Supervisory Control
controller
settings

Control agents
(CACC, LC, LF, OA, CIC, CA)

Control
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brake pedal,
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Figure 6: Control system architecture.
In the following section, we briefly describe two of these layers which are relevant for sake
of interaction protocol design. These two layers are the real-time control and supervisory
control layers that will be implemented into the benchmark vehicle. The other layers will
be further explained in the Deliverable 2.2 document, which is more focused on real-time
control system design.

2.2

Real-time control layer

To be able to execute different scenarios, at the real-time control layer, different controllers
meant for different control objectives are designed and implemented. These controllers,
which are also referred to as control agents, are in fact responsible for implementation of
different aspects of the inter-vehicle interaction.

2.3

Supervisory control layer

At this layer, different high-level decisions for platooning and maneuvering are made. Some
examples of these decisions are activation of the required control agents for achieving a
control objective, determining the desired role of the host vehicle to be a platooning vehicle
or a gap-making one, etc., invoking the corresponding message sequence and maneuvers,
and choosing the appropriate platoon parameters based on safety and performance criteria.
The role of this layer will be explained in more detail in the following section.
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Design approach for scenario 1

The design approach for scenario 1 is presented by three main components. First, a generic
maneuvering control system approach for implementation of the protocol is addressed. Then,
the corresponding supervisory layer design is discussed. Finally, the actual protocol including
the sequence of its implementation and the corresponding wireless message set is presented.
The design of real-time controllers are not presented here but will be explained in Deliverable
2.2.

3.1

Generic maneuvering control system approach

In design of the maneuvering strategy, the following considerations are important;
• to have a generic solution capable of supporting several scenarios and not only the
proposed scenario, and
• to have a simple solution which can be rather easily implemented and tracked for
possible faults/failures.
In developing the maneuvering strategy, an agent-based approach is employed to be
able to decompose the complex tasks into simpler ones. In particular, the design is based on
defining different agents for different functionalities envisaged for the platoon members, e.g.,
agents representing vehicle following, obstacle avoidance, lane changing, etc. These agents
are assigned to different (control) goals.
To support such a task decomposition, we need to distinguish between the two notions of
a ‘maneuver’ and a ‘scenario’. In this report, the maneuver refers to an action such as making
a gap or merging. A scenario, on the other hand, is more complex, e.g. a lane reduction, and
includes execution of one or more maneuvers. Then, to be able to perform a maneuver, we
need to activate some of the control agents. This concept is described in more detail in an
example shown in Figure 7. In this figure, CACC stands for a cooperative adaptive cruise
controller responsible for platooning (vehicle following) which will be explained in detail in
the D2.2 document. In the following, the agents implemented for the execution of scenario
1 of iGame are introduced.
To be able to execute scenario 1 of iGame as expressed in Figure 1, the following maneuvers should be distinguished: platooning, gap making, and merging. In the execution
of each of these maneuvers a different set of controller agents are involved. For the time
being, the four main agents of the cooperative adaptive cruise controller (CACC), obstacle
avoiding (OA), lateral (vehicle or line) following (LF), and lane change (LC) are designed
and implemented. In addition to these control functionality agents, an agent responsible for
safety assurance, i.e. Collision Avoidance (CA), is also designed and included. These agents
are defined in the following way
• CACC agent, which includes cruise controller agent, is designed to achieve longitudinal platooning (vehicle following) goal. This controller agent ensures a certain
(velocity-dependent) inter-vehicle distance, or a certain cruise speed in the case that
a target vehicle does not exist.
• OA agent is in charge of making the needed space between the vehicles involved in
the maneuver.
• LF agent guarantees lateral platooning goal (vehicle following or lane keeping).
• LC agent executes the lateral motion needed to perform the maneuvers (i.e. a lane
change).
• CA agent is designed to make an emergency brake in case that two vehicles get very
close to each other.
Given this set of agents, each of the previously mentioned maneuvers are done with the
help of a number of these agents, i.e.
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Figure 7: Example of a scenario (lane reduction) decomposition into maneuvers and executing agents.
• Platooning uses CACC (longitudinal vehicle following) as well as LF (lateral vehicle
following) agents.
• Gap making uses CACC, LF, and OA agents.
• Merging uses CACC, OA, LC, and LF agents.
It is clear that any other scenario, e.g. overtaking, can be similarly broken down into
some maneuvers (and then to the executing agents).
The following example illustrates the above concepts in more detail.
Example 3.1. In Figure 8, a gap making/merging maneuver is presented, where the green
vehicle is the maneuvering vehicle. Also, the red vehicles are important objects for the
maneuvering vehicle (called most important objects (MIOs) in target tracking algorithms).
Initially, a platoon of vehicles is driving on the right lane. Then, as shown in Figure 8(a),
object 1 on the left lane intends to merge in front of vehicle i. Hence, vehicle i should make
a gap for object 1. As a result, the controller of vehicle i enables the obstacle avoiding agent
(w.r.t. object 1) and the CACC and LF agents (w.r.t. vehicle i − 1). Then in Figure 8(b),
for the same scenario of object 1 merging between vehicles i − 1 and i, the controller of
object 1 enables the obstacle avoiding agent (w.r.t. vehicle i − 1), and the CACC and LF
agents (w.r.t. object 2), and LC agent.
The relevant controller agents are described in more detail in Deliverable D2.2.
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(a)

(b)

Figure 8: Example of a (a) gap making and (b) a merging maneuver.

3.2

Supervisory control actions

At the supervisory control layer, the high-level decisions regarding the scenario execution are
made. The major functionality covered at this layer is the situation-dependent activation
of the control agents explained in the previous section. In other words, it is decided what
control actions should be taken to execute a maneuver. Moreover, the safety agent of CA
is also activated at this layer. In addition to control/safety agents activation, some other
detailed decisions are also taken at this layer which are listed below
• The role of the host vehicle: based on the inputs received from either the roadside unit
(RSU), the driver or other road users, the role of the host vehicle is decided, e.g. to
be a gap making or a merging vehicle.
• Based on the role defined for the host vehicle, part of the content of the wireless message
set is defined. This is mainly concerned with the messages need to be exchanged as
a result of the scenario execution, e.g. safe-to-merge flag, or ID of the paired vehicles
(to be defined at a later stage).
• Some parameters related to cooperative tasks of the vehicle are calculated, e.g. the
appropriate cruise speed is decided based on the driver/RSU input or the in-platoon
position of the host vehicle, etc.

3.3

Interaction protocol: implementation and sequence diagrams

In this section, three interaction protocols for execution of scenario 1 of iGame are presented.
The first two presented protocols are following the same design concept. Their only difference
is the number of involved interacting vehicles. In other words, the first protocol is meant at
addressing one merging vehicle who wants to merge in a two-vehicle platoon. The second
protocol follows the same design strategy but extended to the merging of a platoon within
another platoon. This is the main protocol used by the iGame participants in the course
of the challenge. There is a third protocol which is presented as a reference for comparison
and is not meant to be used by the participants. This would be presented at the end of this
section.
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Let us assume that vehicles 1 and 2 are in platoon driving on the left lane, where vehicle
3 is driving on the right lane, see Figure 9. Vehicle 3 looks for a gap to merge in between of
vehicles 1 and 2.
3.3.1

Merging of one vehicle

Here, the step-by-step implementation of the interaction protocol for one merging vehicle is
explained;
i. First car 3 tunes its speed to the platoon speed. This results in less sensitivity to
cruise speed selection.
ii. Car 3 initiates the merging maneuver by making a gap w.r.t. car 1.
iii. At the same time a merge request is sent out. Upon receipt of this request, car 2 starts
to make a gap.
iv. Car 2 checks the necessary gap and other safe distance criteria. If it finds the maneuver
safe, it sends out a Safe-To-Merge (STOM) signal.
v. Car 3 checks some safe distance requirements in addition to the receipt of STOM.
Then, the driver is informed that the maneuver is safe and if driver finds it safe too,
the actual merging is executed. Vehicles make a platoon, again. This implementation
is visualized in Figure 9.

1

2

Increase distance to 3

3

Not yet?

Far enough to 3?

Tune to platoon speed

Yes!
Far enough to 1?
Yes!

Not yet?

Tuned!

Not yet?

Ask for merging

Merge request

Send STOM
Increase distance to 1

Far enough to 1?

Not yet?

Yes!
Wait for STOM!

Safe-To-Merge (STOM)

Not yet?

Yes!
DO Merge!

Figure 9: Interaction protocol implementation.
We formalize the implementation and execution of the maneuvers using sequence diagrams. Towards this end, two sequence diagrams are made to represent platooning as well
as merging/gap-making phases of the scenario execution. In these diagrams, VIS stands
for Vehicle Intelligent Transport System (ITS) Station (VIS), which is responsible for the
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cooperative functionality in the vehicle. Also, vehicle E/E includes low-level computer and
the supporting sensors/actuators.
In the first diagram, Figure 10, the platooning action is depicted. In this phase, each
vehicle of the platoon broadcast its status to other vehicles and updates its control action
based on its own state as well as the state of the vehicle which are relevant for him, i.e. the
car in front. The vehicle measurements like ego position, velocity, heading, etc., which are
included in the wireless message, are provided by vehicle E/E. VIS generates detected object
information, desired acceleration, control type, desired time headway and cruise speed.
In the second diagram, Figure 11, gap making/merging actions are presented in one
single diagram. Whenever the driver finds the vehicle in a good position to perform the
maneuver, he initiates the maneuver. Upon this initiation, the speed of the merging vehicle
synchronizes with that of the platoon. When this synchronization is done, a merge request
is sent out and vehicle 3 starts to make a safe distance with the leading car on adjacent lane,
i.e. vehicle 1. At the same time, vehicle 2 decides if it is the relevant vehicle to make a gap.
If so, it starts making a gap. When the gap is large enough, vehicle 2 sends a “safe to merge
(STOM)” signal for vehicle 3. At this point, vehicle 3 decides if the gap is large enough
and if so, a safe-to-maneuver signal is sent for driver. Following this, the driver enables the
actual merging.

Vehicle 1 E/E

VIS 1

VIS 2

Vehicle 2 E/E

loop
vehicle 1 state()

loop

vehicle 1 state()

loop

vehicle 1 state()

update vehicle
state/control()
vehicle 2 state()

Figure 10: Sequence diagram of vehicle platooning (CACC).
This protocol was verified through simulation and the simulation results are presented
in Document D2.2.
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V IS 3

V IS 2

V ehic le 2 E/E

driver 3
Merge init.()
S y nc . to platoon speed()

S y nc . to platoon speed()

merge request()
mak e a gap()
merge request(V2V)

Determine relevance()

mak e a gap()

s afe to merge (V2V)

s afe to merge (STOM)

determine relevance()

S afe to Maneuver()
Do merge()

Figure 11: Sequence diagram of a Gap making/merging maneuver.
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Merging of a platoon of vehicles

The protocol proposed above is now extended to allow for merging of a platoon into another
platoon, as proposed in Scenario 1 of iGame. Let us assume that the merging platoon is
denoted by A and its members are labeled as a1 to am . Similarly, the gap making platoon,
driving on the right lane, and its members are denoted by B and b1 to bn , respectively. The
initial configuration of these two platoons is as shown in the pace-making stage of Figure
12. The first vehicle on each lane is the organizer pace car (OPC) which is not considered
as part of the platoon nor the competition.

CZ
Merging zone
Gap-making zone
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1

3
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1
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2

2
2

n
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A

1

B

A
Pace-making

Pair-up (B2A)

Pair-up (A2B)

n
B

Gap-ready

Figure 12: Merging of a platoon of vehicles into another platoon.
There are some major challenges specific to platoon merging when compared to single
car merging:
i. Simultaneous gap making/merging of the entire platoon results in huge deceleration
at the tail of platoon B which is not desirable.
ii. Serial gap making/merging, i.e. one vehicle at a time, is not time-efficient.
iii. Due to simultaneous merging requests, several vehicles might expect to receive a STOM
message. Hence, STOM recipient is not unique anymore, which can be a source of
confusion.
Moreover, the competition requirements do not allow for merging in front or at the tail
of platoon B.
Hence, to be able to address these challenges/requirements, the following multi-stage interaction protocol is proposed. This protocol facilitates the implementation of a combination
of the serial and simultaneous merging strategies for platoon merging. In other words, part of
the gap making/merging actions are done simultaneously (Pair-up B2A stage) whereas some
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others are done one vehicle at a time (Pair-up A2B stage) as we will see in the following exposition. This combination of simultaneous/serial gap-making provides a time-efficient as well
as a smooth/comfortable gap-making/merging action. Moreover, the ambiguity in defining
the STOM recipient is resolved by including the pair ID’s in the message set communicated.
Pace making It is assumed that the relative position of the two platoons is at a desired
position before start of the competition. That is, OPC of platoon A makes sure that
a1 is behind the OPC of platoon B, see pace-making phase of Figure 12. This is in
accordance with scenario definition as given in [2]. Afterwards, platoon A synchronizes
its speed with B.
Simultaneous Pair-up (B2A) It is assumed that RSU informs all vehicles in paltoon A
and B of the upcoming worksite, at the same time, i.e. a broadcated message. This
message has the role of a broadcasted merge request from platoon A to B, too. Upon
arrival of RSU notice, Platoon B starts to make gaps by simultaneous pair-up with A.
This stage is meant to provide part of the gap needed for merging of platoon A into
platoon B. Since, this stage of pair-up does not result in a huge deceleration, it is done
by all vehicles in platoon B, simultaneously. To be specific, each vehicle in platoon B,
bi , takes the closest front car on the left lane (which is not further ahead than the front
car on the main lane) as the pairing partner. This object is called the forward mostimportant-object on left lane (FWD MIOL) in target tracking algorithms. The ID
of the pairs are communicated through the vehicle-to-vehicle (V2V) communication.
Upon this pair-up, the vehicle bi , makes a gap (OA controller agent is activated) with
respect to its pairing partner, aj , as long as it is a FWD MIOL. This results in a
large-enough gap between the two paired vehicles. In many situations, this pair-up is
inclusive, i.e. everyone finds a pair. Few ambiguous situations are treated as follows:
• If bi cannot find any pairing partner then pairing remains pending on the existence
of a FWD MIOL, see vehicle bi−1 in Figure 13.
• In the course of gap making, aj might lose its position as a FWD MIOL of bi ,
momentarily. This will not affect the initial pairing. However, a gap is made (OA
is activated) only if aj is seen as a FWD MIOL.
• In general, a vehicle cannot choose a pairing partner which already has an assigned
partner.

Figure 13: A Pair-up example.
The paired cars remain unchanged during the scenario execution. The pairing voids
only when the merging car performs the actual merging. This pair-up phase is shown
by blue arrows in Figure 12.
Sequential Pair-up (A2B) After platoon B is paired-up with platoon A, platoon A starts
to pair-up with platoon B in a sequential manner. At this stage the rest of the gap
required for a merging is made. Since this gap-making stage can result in a huge
deceleration at the tail of platoon B, it is done in a sequential manner. The decision on
when the pairing should be initiated is based on certain criteria, e.g. a fixed time after
RSU message is received or certain seconds after the ID of the paired partner in platoon
B is announced, etc. The choice of a forward pair for aj is done such that pairing in
front and back with two non-consecutive vehicles is avoided. Such an unwanted pairing
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can happen if both bi , i.e. backward pair, and bi−1 becomes backward MIOs for aj
due to deceleration of platoon B. Then, if aj chooses its forward pair using distance,
e.g. bi−2 , this will result in an undesirable pairing. Hence, this stage of pairing is not
based on the distance but rather on the selections done at the previous stage. That
is, each vehicle in platoon A chooses direct predecessor of its backward partner as its
forward partner, e.g. bi−1 becomes the forward partner of aj in Figure 13.
Note that at the time of this pair-up, the forward partner, e.g. bi−1 , might be in one
of the following relative positions:
• In front of aj : aj makes a gap (activates its OA agent) w.r.t. bi−1 and the
necessary gap is made.
• At the back of aj : aj brakes (e.g. activates its OA agent w.r.t. a short virtual
distance) till bi−1 becomes a forward object.
This pairing stage is done only once and is not updated during the scenario execution.
Also, both the pairing of platoon A to B as well as the gap making are done in
a sequential manner. When pairing is done, the ID of the pairs are communicated
through V2V. This pairing is shown by red arrows in Figure 12. At this phase, the
pairing is done one vehicle at a time starting from a1 . The rest of the vehicles in
platoon A should wait until the pairing/gap making of the vehicle in front of them is
finished. This is indicated by broadcasting a merging status through V2V. Upon this,
a1 hands over its position as the platoon leader to a2 , i.e. “platoon lead” flag of a1
becomes zero. Then, the car following it, becomes the new platoon lead. As soon as
aj merges, all pair flags of itself and its partners go to zero, opening the room for its
pairing partners to re-pair with other non-paired vehicles of platoon A.
Gap-ready/STOM generation When the gap is ready, the vehicle bi sends out STOM
message targeting at its paired partner in platoon A. Alternatively, this can be done by
including recipient(s) ID, which in the current setup seems to be redundant information
since STOM message recipient is the same as the paired partner. As soon as aj receives
a STOM message from its paired partner, it will go to merging status. This opens the
room for aj+1 to start pairing and making a gap. As soon as aj gets to the merging
region, it merges into platoon B. The merging region needs to be defined based on
some criteria, e.g. x meters before the work site or so. It should be noted that there is
a chance that the gap is made but the STOM does not arrive, e.g. due to a fault/error
occured at the gap making car system or so. Therefore, there should be a “forced”
type of merging envisaged which forces the involved member from platoon A to merge,
if it is too close to the worksite and STOM has not arrived, yet.
To handle the constraint on not merging at platoon tail, we can assume that the length
of platoon A is shorter than platoon B. However, even with this constraint we might
end up in a situation that a car from platoon A follows the last vehicle in B, i.e. bn .
In that situation, it will merge at the tail of platoon B.
It is worth mentioning that the split of gap making into two stages of pair-up is meant
to avoid the high deceleration at the tail of platoon B, on one hand. On the other hand,
it provides a more time-efficient solution, when compared to a fully sequential gap making/merging mechanism. This time-efficiency is desirable for achieving a better performance.
Also, the inclusion of pair ID’s resolves the confusion about STOM message recipient.
In Figure 14, the flow chart of protocol implementation in a vehicle from platoon B is
presented. Similarly, in platoon A the protocol is implemented as can be seen in Figure 15.
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Figure 14: Interaction protocol implementation for gap-making platoon B.

Platoon A
Synchronize to B!

Not yet?

Yes!
No!

Do you have a BWD
MIOR?
Yes!

No!

Pair ID

Pair ID
V2V

No!

Is BWD MIOR assigned
you as its pair?
Yes!

Make it your BWD Pair

Assign your BWD pair’s
predecessor as your
FWD pair
Is your predecessor
merging?

Yes!
Make a gap to your
FWD pair

STOM

Yes!

Yes!
Safe-To-Merge?

Merging & reset lead flag

Wait for
merging zone!

Merge!

Figure 15: Interaction protocol implementation for merging platoon A.
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Token-based Interaction Protocol (alternative solution for merging platoons)

This Section presents an alternative algorithm for platoon merging. This is NOT the official
i-GAME interaction protocol for platoon merging but it can be used as a reference. The
proposed protocol in this section is based on the free-flow estimated time of arrival of vehicles
(ETA).
We make the following assumptions:
• Before merging, vehicles in both platoon A and platoon B are running in normal
platoon mode. They broadcast their CAMs every Tperiod to inform other vehicles and
road side units (RSUs) about their position, velocity, etc. The RSU located at the
road-work transmits a DENM message to inform other road users about the working
zone, the closed lane and the speed limit at the road work. While driving in platoon
mode there is no platoon leader however, we assume that the first vehicle in each of the
platoons holds a token. Only vehicles with token are allowed to negotiate. It means
that only one pair of vehicles (one from each platoon) are allowed to negotiate at the
same time.
• Platoon A with m members a1 , a2 , .., am is running in lane A, denoted here as the merging platoon. Platoon B, which is running in lane B, includes n members b1 , b2 , .., bn is
denoted here as the gap making platoon (see Fig 16).

Figure 16: Platoon Merging Scenario

Figure 17: Token-based Merging Protocol, a1 go ahead.
The interaction protocol can be divided into two phases: negotiation phase and manoeuvring phase.
• Negotiation phase When the first vehicle of platoon A (a1 ) receives the warning
message from the RSU at the working zone, it will initiate the merging process by
sending a M ergeRequest message, which includes its free-flow estimated time of arrival
(ETA), to the first vehicle of platoon B (b1 ). b1 will compare its own ETA with A1 ’s
ETA. If ETA(a1 ) ≤ ETA(b1 ), b1 sends GoAhead message to a1 indicating that a1 has

Page 19

DEL150330 i-GAME D2.1 Interaction Protocol

Public

higher priority than b1 and it can merge in front of b1 . Otherwise, b1 will acknowledge
a1 with a GiveW ay message and handover the token to b2 , a1 has to start negotiating
with the next vehicle in platoon B, b2 .
• Manoeuvring phase In our algorithm for platoon merge, the vehicles in platoon B
(the give way vehicles) are always in control of the safety distance to the vehile in
front. We present the manoeuvring scheme in two cases (i) b1 give way, (ii) b1 go
ahead.
i. Figure 17 illustrates the first situation when b1 gives way. b1 sends the GoAhead
message to a1 , at the same time it sets tracking target to a1 . Consequently,
the CACC of b1 will automatically slow down and keep track of a1 . When the
safety distance is guaranteed (the gap is enough between b1 and a1 ), b1 sends a
Saf eT oM erge message to a1 . Upon on receiving Saf eT oM erge, a1 will handover
the token to a2 . a2 can start to negotiate with b1 but it can not merge until a1
broadcasts the M ergeComplete flag.
ii. In the second situation when b1 goes ahead and a1 gives way, a1 will set its
tracking target to b1 while at the same time it starts to negotiate with b2 . CACC
of a1 adjusts the speed according to b1 . a1 can only merge if it receives the
Saf eT oM erge message from b2 and it’s distance with b1 is safe. This situation
is illustrated in Fig. 18.
− a1 sends a merge request to b1 (1), b1 notes that its ETA is lower than a1 ’s
ETA, b1 sends GiveW ay message to a1 and hands over the token to b2 (2)
− a1 sets its tracking target to b1 (3)
− a1 sends new M ergeRequest to b2 (4)
− b2 compares ETAs and notes that a1 has lower ETA than b2 , b2 sends
GoAhead message to a1 and set its tracking target to a1 (5)
− B2 calculates the safety distance to a1 , while a1 keeps track of the distance
between a1 and b1 . a1 merge when there is no collision risk with B1 and it
receives Saf eT oM erge message from b2 (6)

Figure 18: Token-based Merging Protocol, a1 give way.
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Interaction protocol: wireless message content

Each vehicle is broadcasting 47 signals containing information about its own status and its
surrounding through V2V communication. This information is partly on vehicle physical
specifications, e.g. type, length, width, etc., vehicle motion, e.g. velocity, yaw rate, heading,
etc., and vehicle controller parameters, e.g. desired acceleration, time headway, etc. Also,
some information on the detected objects by Ego vehicle, e.g. range, bearing, etc. is included
in the wireless message. In addition, part of the information communicated is meant for
cooperative actions needed for maneuvering, e.g. merge request, safe-to-merge (STOM), ID
of the paired vehicles, etc. The complete list of the message content is given in Table A.1 in
the Appendix. In the benchmark vehicle being developed by TNO automotive, each vehicle
is capable of receiving the wireless message of 10 objects (vehicles), i.e. in total 470 signals.
Out of the 47 signals communicated by each vehicle, 12 signals are meant for enabling the
iGame scenarios execution. The messages used in scenario 1 execution are Merge request,
Safe-to-Merge, and Merging flags, as well as ID of the forward and backward pair partners,
the platoon ID, and the tail or head of platoon flags. A merge request issued by vehicles in
platoon A, is envisaged as an alternative to the RSU message, i.e. in case that RSU message
is not provided then the merging scenario can be initiated using this message.
In addition to the above message set which is communicated during the competition,
some offline information should be given to participants, as well. These are the maximum
allowed deceleration which is that of the slowest vehicle of the platoons, the safe gap required,
maximum platoon length, and the cruise speeds of the two platoons.
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Design approach for scenario 2

The interaction protocol, for the intersection scenario (scenario 2), forms virtual platoons
inside the defined Competition Zone (CZ). The idea behind the virtual platoon is to define
a virtual inter-vehicle distance between vehicles driving on different lanes. The definition of
the virtual inter-vehicle distance is dependent on coordinate transformations and wireless
communication (the details and implementation are shown in deliverable D2.2). With this
virtual inter-vehicle distance we can use a inter-vehicle distance controller, such as Cooperative Cruise Control (CACC), to generate the necessary gaps needed, by the vehicles, to
safely cross the intersection in the designated order. Hereafter we will refer to the combination, of the CACC functionality with the virtual inter vehicle-distance, as Virtual CACC
(VCACC).
The virtual platoon is achieved by assigning to each vehicle a platoon index, immediately
after entering the CZ, which determines the ordering in the virtual platoon. Once the
vehicle’s platoon index is determined, the algorithm assigns the appropriate control mode
for each vehicle, namely Cruise Control (CC) for the leader vehicle, and Cooperative Cruise
Control (CACC) or Virtual Cooperative Cruise Control (VCACC) for the platoon members.
In the following sections, we will define the underlying concepts to perform the Target
Vehicle Assignment (which is the name of the subsystem that assigns the platoon indices),
the logic behind the assignment, and the required data that has to be transmitted wirelessly
to achieve the intended functionality.

4.1

Lane and intention

Let us explain the high-level idea behind the cooperative intersection control methodology
proposed here. We can think about the road intersection, shown in Figure 19, as a set of
lanes (blue, red, and green) that end at the center of the intersection (which is the point
in which all lanes intersect, represented by the black circle). If we choose the lanes’ length
to be the same we can superimpose all the lanes, and imagine vehicles driving on different
lanes towards the center of the intersection, as if they would be driving on the same lane.
This transforms the two-dimensional intersection problem into a one-dimensional problem,
where we have to create a gap between the vehicles such that each one arrives at the center
of the intersection at different times, which in the two-dimensional problem means that each
vehicle has a chance to cross the intersection while the other vehicles are at a distance away
from crossing the intersection.
The presented solution is divided into two levels (as shown in Figure 20): a supervisory level (which executes the interaction protocol) that manages the formation of virtual
platoons of vehicles approaching the intersection, and an execution level that takes care of
the coordinate transformations needed to define the virtual gaps between vehicles on different lanes. With this virtual gap, an inter-vehicle distance controller, such as Cooperative
Adaptive Cruise Control (CACC), can be used to modify the vehicles’ dynamics in such a
way that the vehicle adheres to a desired (virtual) distance between the vehicles, thereby

Figure 19: Lanes of a road intersection.
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Figure 20: Control system architecture.
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Figure 21: Intersection with possible trajectories.
achieving a smooth and safe flow of vehicles through the intersection. In this report, we
concentrate in the description of the interaction protocol.
Let us consider the T-intersection depicted in Figure 21; for each lane (1, 2, and 3) two
trajectories are possible: from lane 1 we can go either left (t1,l ) or right (t1,r ), from lane 2
we can go either straight (t2,s ) or right (t2,r ), and from lane 3 we can go either straight (t3,s )
or left (t3,l ). So any vehicle can have either straight, left, or right intention (η ∈ {s, l, r})
depending on the lane (k ∈ {1, 2, 3}) on which the vehicle entered the so-called Competition
Zone (CZ).
We define a pair of trajectories as crossing trajectories if they share at least one point
(e.g., t1,l and t3,s , or t1,l and t3,l ), or non-crossing trajectories if they do not share any
point (e.g., t1,r and t2,r ). A set of automated vehicles can cross the intersection without
cooperation if all their trajectories are non-crossing; cooperation is needed for the cases in
which two vehicles have crossing trajectories. Therefore, the goal of cooperation is to ensure
that the vehicles will be at a safe distance from each other.
The next problem to consider is which vehicle has to modify its dynamics during cooperation. This problem is solved using the concepts of lane priority and vehicle priority. Let
us consider the case in which three vehicles, each one driving on a distinct lane, enter the
CZ at the same time while all having crossing trajectories. Then, the vehicle driving on the
highest priority lane will be assigned the highest vehicle priority which means that the other
two vehicles have to modify their dynamics to cross the intersection after the vehicle with
the highest priority. If the vehicles do not enter at the same time then the highest vehicle
priority will be assigned to the vehicle that entered the CZ first.
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In order to automate the intersection we need to design a system that automatically
assigns vehicle priorities based on the lanes’ priority, the vehicles’ intention, and the lane
on which each vehicle entered the CZ. Once the priorities are assigned the cooperative
intersection control system determines and executes the trajectory that corresponds to each
vehicle’s intention.

4.2

Interaction protocol: target vehicle assignment

With the definition of the virtual inter-vehicle distance (presented in Deliverable D2.2), we
can think about the vehicles in the intersection as a platoon of vehicles driving on the same
lane. Therefore, each vehicle can be assigned with an index i that determines the position
of each vehicle in the platoon (note that i = 1 is assigned to the platoon leader and that
two vehicles can have the same index since it is a virtual platoon; two vehicles will have
the same index if they have non-crossing trajectories). In other words, the Target Vehicle
Assignment (TVA) coordinates the formation of the virtual platoons inside the CZ.
In order to perform the TVA (which is run by each vehicle that enters the CZ), it
is necessary to define a counter of vehicles inside the intersection’s CZ. This counter is
represented by m ∈ N0 = {0, 1, 2, · · · }, being m = 0 the case when there is no vehicles inside
the CZ. When a vehicle enters the CZ it is assigned with a distinct value of m, then, the
algorithm determines if the trajectory of the vehicle crosses with any of the trajectories of
the vehicles that are currently in the CZ. The details of the algorithm are described below.
The state diagram depicted in Figure 22 represents the algorithm behind the TVA where
z indicates if the host vehicle is either outside the CZ (z = 0) or inside the CZ (z = 1),
m is the intersection’s vehicle counter, f is an internal variable, i is the platoon index,
cm ∈ {0, 1, 2, 3} is the control mode (cm = 0 represents that the control mode has not
been assigned, cm = 1 represents Cruise Control (CC), cm = 2 represents Cooperative
Adaptive Cruise Control (CACC), and cm = 3 represents Virtual CACC (VCACC)) which
is a function cm = c(km , ηm , km−f , ηm−f ) where km and ηm are, respectively, the lane
and intention of the host vehicle m, and km−f and ηm−f are, respectively, the lane and
intention of the potential target vehicle m − f (the relationship between the function cm =
c(km , ηm , km−f , ηm−f ) and the value of cm is shown in Table 4.1). Note that the intentions
can be ηm , ηm−f ∈ {s, l, r} where ‘s’ represents a straight intention, ‘l’ a left-turn intention,
and ‘r’ a right-turn intention; and, that each lane km , km−f ∈ {1, 2, 3} also has a priority
which is only considered when vehicles enter the CZ at the same time; if that is the case the
TVA will be run first by the vehicle on the highest priority lane.
From Figure 22 we can see that as long as the host vehicle is outside the CZ (z = 0)
it is not part of the platoon, so the algorithm remains in the state S1 where the platoon
index is i = 0. When the host vehicle enters the CZ (z = 1), the algorithm transitions to
state S2 where the intersection’s counter m is incremented by 1 and the internal variable f
is initialized. From this state S2 we have three possibilities:
(1) The host vehicle is the first to enter the CZ (m = 1) which leads to the state S4 where
i = 1, so, the host vehicle becomes the leader of the virtual platoon and its control mode
is set to CC (cm = 1).
(2) The host vehicle is not the first to enter the CZ (m 6= 1) and its trajectory crosses with
the trajectory of the vehicle m − 1 (represented by cm 6= 0) which leads to the state S4
where the host vehicle becomes part of the virtual platoon with platoon index i = m
and with CACC (cm = 2), or VCACC (cm = 3), as control mode.
(3) The host vehicle is not the first to enter the CZ (m 6= 1) and its trajectory does not
cross with the trajectory of the vehicle m − 1 (represented by cm = 0) which leads to
the state S3. In this state the algorithm increments the internal variable f and checks
again the control mode assignation logic of the next potential target vehicle. From this
state we have two possibilities:
(a) The algorithm finds that the trajectories of the vehicle m and m − f ≥ 1 cross
(cm 6= 0) which leads to the state S4 where the host vehicle becomes part of the
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Figure 22: State diagram for target vehicle assignment.
k
1
Host (m)

2
3

Potential Target (m − f )
2
r
s
r
s

1
η
l
r
s
r
s
l

l
cm = 2
cm = 3
cm = 0
cm = 3

cm = 0

cm = 3

l
cm = 3
cm = 0

cm = 0

cm = 2

3

cm = 0

cm = 0
cm = 3

cm = 3

cm = 2

Table 4.1: Control mode (cm) based on host (m) and potential target (m − f ) vehicles’ lane
k and intention η (cm = c(km , ηm , km−f , ηm−f )).
virtual platoon with platoon index i = m − f + 1 and with CACC (cm = 2), or
VCACC (cm = 3), as control mode.
(b) The algorithm does not find any crossing trajectories (a condition that is met if
m = f ) which leads to state S4 where i = 1, so, the host vehicle becomes the leader
of a new virtual platoon inside the CZ and its control mode is set to CC (cm = 1).
It is important to note that this algorithm considers the case where the host vehicle trajectory
crosses with only one of the trajectories of the vehicles that entered the CZ before (which is
the case for the iGame Scenario 2). For the case in which the host vehicle trajectory crosses
with more than one trajectory, a reformulation of the assignment algorithm is necessary.

4.3

Interaction protocol: wireless message content

Two sets of data are needed to realize this algorithm in practice, namely: Intersection data
(see Table 4.2) and Vehicle data (see Table 4.3). Note that the full set of vehicle signals is
shown in Table A.1. In Table 4.3, ID stands for the message ID corresponding to the list
given in Appendix A. The intersection data (represented in Figure 23) can be obtained by
the vehicle in two ways; either by receiving the data from a Road Side Unit (RSU) or by
retrieving the data from digital maps.
The vehicle data can be obtained from the vehicle’s sensors. The Electronic Stability
Control (ESP) sensor cluster measures the vehicle’s acceleration in longitudinal and lateral
direction, the vehicle’s velocity, and the vehicle’s yaw rate. The position and orientation can
be retrieved from the GPS. Finally, the traveled distance has to be calculated as explained
in Deliverable D2.2.
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Name
Width of the principal road
Width of the secondary road
Radius of the competition zone
Angle between the primary and secondary roads
Intersection reference frame (IRF)
Table 4.2: Intersection data.
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Figure 23: Generalized intersection geometry.

ID
15
16
18
20
24
44
45
46
47

Symbol
xutm
yutm
αm
vm
am
dm
ηm
km
m

Name
Vehicle position, easting
Vehicle position, northing
Vehicle heading
Longitudinal vehicle velocity
Longitudinal vehicle acceleration
Traveled distance inside the CZ
Intention (left, right, or straight)
Lane in which the vehicle enters the CZ
Intersection vehicle counter
Table 4.3: Vehicle data.
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Conclusion

To be able to implement scenarios of iGame, interaction protocols were designed. These
protocols are essential in performing complex maneuvers involving several vehicles. Using
these protocols, it can be decided how the platoon members should act in the course of
scenario execution.
The design approach for scenario 1 is based on distributed decision making where no
fixed supervisor/team leader is required. In other words, no centralized role assignment
is envisaged but each vehicle, based on its local information, decides what should be its
relevant role during the execution of the scenario. The interaction protocol tries to mimic
the actual daily traffic and the way that human drivers interact in different traffic situations.
This approach has the added value that the needed communication is minimized and that
it can be more easily implemented to an actual traffic scenario. Also, the resulting solution
is generic and might serve several objectives/scenarios. A simplified version of the designed
protocol was simulated and tested using a simulation model.
The interaction protocol for scenario 2 of iGame manages the formation of virtual platoons inside the intersection’s Competition Zone. The virtual platoon indices are determined based on the vehicles’ lanes and intentions from which we can know if the vehicles
have crossing or non-crossing trajectories. This virtual formation allows the vehicles to cross
the intersection in a safe manner. The functionality of the protocol will be demonstrated in
Deliverable D2.2 where we will present simulations for the maneuvers required to complete
each scenario.
Although the two iGame scenarios, i.e. 1 and 2, are very different in nature, the proposed design strategy is to follow a common control objective, i.e. platoon control. Then,
for realization of each scenario, additional controllers are designed to perform the specific
tasks required in each scenario. These additional controllers are obstacle avoidance and
intersection controllers for scenarios 1 and 2, respectively.

6

List of abbreviations and terminology
Table 6.1: List of abbreviations.
Abbreviation
CC
CACC
VCACC
OA
LF
LC
CA
MIO
FWD MIO
BWD MIO
ITS
VIS
STOM
OPC
EV
V2V
CZ
RSU
IRF

Full Name
Cruise control
Cooperative adaptive cruise control
Virtual cooperative adaptive cruise control
Obstacle avoidance
Lateral following
Lane change
Collision avoidance
Most important object
Forward most important object
Backward most important object
Intelligent Transport System
Vehicle ITS station
Safe to Merge
Organizer pace car
Emergency vehicle
Vehicle-to-Vehicle
Competition Zone
Road side unit
Intersection reference frame
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Appendix

The list of V2V signals needed for execution of iGame scenarios are given in Table A.1.
Table A.1: V2V message set.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Name
Message ID
Generation time of the message, seconds
Generation time of the message, milliseconds
Station ID
Station characteristics: mobile
Station characteristics: private
Station characteristics: physics
Vehicle type
Vehicle length
Vehicle rear axle location
Vehicle width
Controller type
Vehicle response time constant
Vehicle response time delay
Vehicle position, easting
Vehicle position, northing
Position confidence interval 95%
Vehicle heading
Heading confidence interval 95%
Longitudinal vehicle velocity
Velocity confidence interval 95%
Vehicle yaw rate
Yaw rate confidence interval 95%
Longitudinal vehicle acceleration
Longitudinal acceleration confidence interval 95%
Desired longitudinal vehicle acceleration
MIO ID (measured by object vehicle)
MIO range (measured by object vehicle)
MIO bearing (measured by object vehicle!)
MIO range rate (measured by object vehicle)
Time headway
Cruise speed
RSU emulation
Minimum safety time headway
Desired time headway
Merge request flag
Safe-to-merge (STOM) flag
Merging Flag
ID of fwd pair partner
ID of bwd pair partner
Tail vehicle flag
Head vehicle flag
Platoon (or lane) ID
Traveled distance inside the CZ
Intention (left, right, or straight)
Lane on which the vehicle enters the CZ
Intersection vehicle counter
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