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Cooperative Functions in IMAGInE IMAGInE

F1 Cooperative merging -
on highways ‘ A~ Mercedes-Benz

Cooperative longitudinal control s e
@ on highways ‘ [ di:s1 ar'ti: ]

Unfille auf Autobahnen 2019
UPS, Verungliickte, Sachschaden [%]
P~ Quelle: Statistisches Bundesamt

The scenarios (F1 & F2) provide a higher level of safety on highways
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Cooperative On-Ramp Merging (F1) IMAGInE

Motivation

* In areas where lanes end or intertwine, drivers must change lanes under spatial and
temporal restrictions

Accident directions Accident type
(merging, lane change, sideways) (turning)
Unfille auf Autobahnen 2019 beim Einfideln Unfille auf Autobahnen 2019 beim
und Spurwechseln Einfddeln und Spurwechseln
Quelle : Statistisches Bundesamt Quelle : Statistisches Bundesamt
5230 722

S

& x&
\\o& P

Potential and Total
SV &LV: 75% & 61% SV &LV:83% & 61%

12/05/2022 IMAGInE FINAL EVENT 4




Cooperative Distance Control on Freeyways (F2) IMAGInE

Motivation

* Current longitudinal guidance systems such as Adaptive Cruise Control (ACC) use
vehicle-specific sensors to record vehicles in front

* Performance of these systems is limited due to limited detection accuracy, range and
latency of sensors

Accident direction Accident type
(lonitudinal coll.) (rear end collision)
Auffahrunfille auf Autobahnen 2019 Unfalle im Langsverkehr auf Autobahnen 2019
Quelle : Statistisches Bundesamt Quelle : Statistisches Bundesamt
17148 22053
14594 18692
9702 12919
7867 10492
1671 2378 1519 o 2 3166 3262

Potential and Total
SV & LV: 70% & 54% SV &LV: 71% & 56%
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Role-Based Approach IMAGInE

* Vehicles do not vote on the "how?", but on
the "what?"

* Analogous to human cooperation, the
maneuver and the roles are limited

Session roles:
- Merge Veh.
- Front Veh.
- Rear Veh.

* Therefore, the trajectories to be driven are
not explicitly coordinated, but result from
the intended maneuver, desired rolls, and
function

0. Sawade and I. Radusch, “Survey and classification of cooperative automated driver assistance systems,” in 2015 IEEE 82nd Vehicular Technology Conference, VTC Fall 2015 - Proceedings, 2016.
O Sawade, M Schulze, I. Radusch, ,,Robust Communication for Cooperative Driving Maneuvers” in IEEE Intelligent Transportation Systems Magazine 10 (3), 159-169, 2018.
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Communication Process Considering F1 @ IMAGInE

Trajectory handling Communication handling

Shadowed Traj.
Handling Shadowed

com handling

Trajectory “ “
planning m Time check

module
iy
partners
== [ | —

!

Updating

Shadowed
Updating

Clear com state

Adapt trajectory
cost for gap
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Communication Process

=
p -
&
S
m

4 N
Master State-Machine of egovehicle cooperates/interacts
with the CMP State Machines of other vehicle
1. SEARCHING: searching for participants with beacon /Send Beacon | 2
MEssages
2. Coordination mechanism: 2

* VOTE: voting round in which all participants agree or reject
the request

Entry/Send ACK, DENY or ALT
All Received || Timeout/Count Votes

Hash Mismatch

*  SYNC: synchronization round to determine the negotiations

* IN SESSION: continuous heartbeat to guarantee synchronicity
Entry/from New Session Hash
Exit/Compare Synced Hash

Desync Detected/
Request Resync

Full Consensus

Hash Match

Robust Communication for Cooperative Driving Maneuvers, Oliver Sawade, Matthias Schulze, Ilja Radusch

/Send Periodic Heartbeats
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F1 Collaborative Maneuver Protocol (CMP)
Overall Procedure
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F1 Collaborative Maneuver Protocol (CMP) IMAGInE

Procedure

Veh 2

) r .
ﬁ*‘. lf ?
==l

Ve hﬁ. 1

12/05/2022

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

~Veh.3 Veh.2
,f'lf TE:I ﬁw‘:‘i—(l
) ) )
p ===t 8 p === 8

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

- Session ID:
FunctionCode:

Distributed state

new session ID §

12345

Desired state

{
\‘ Session-ID: 12345
FunctionCode: 1
State: Build
Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

~Veh.3 Veh.2
,f'lf TE:I ﬁw‘:‘i—(l
) ) )
p ===t 8 p === 8

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

- Session ID:
FunctionCode:

Distributed state
{

FunctionCode }

1 = Merge

Desired state

{

\ Session-ID: 12345
FunctionCode: 1

State: Build

Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Veh. 2

il ]
=

Desired state:
Build

12/05/2022

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID:
FunctionCode:

Distributed state
{
}

Desired state

{

Session-ID: 12345
\‘ FunctionCode: 1

State: Build
Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Desired Roles:

Veh 1 Rolle ,lead”

Veh 2 Rolle ,,front_1“
Veh 3 Rolle ,,rear_1*
Veh 4 Rolle , participant”

12/05/2022

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID:
FunctionCode:

Distributed state
{
}

Desired state

{
Session-ID: 12345
FunctionCode: 1
\ State: Build
Roles:
<Veh1,lead;Veh2,front_1;Veh

3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Veh. 3 Veh. 2
|1 | ! ‘1 | | D
(= ==l

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID:
FunctionCode:

Distributed state
{
}

Change-Timeout Desired state
1495394318 {

Session-ID: 12345

FunctionCode: 1

State: Build

Roles:
<Veh1,lead;Veh2,front_1;Veh

\ 3,rear_1;Veh4,participant>

Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)
Procedure

~veh.3  Veh.2 B )
(C_]) sendBeacon [T ])

. Vehi.wl”: Veh. 2: Veh. 3:

Veh. 4:

Session ID: Session ID: Session ID:
FunctionCode: FunctionCode: FunctionCode:
Distributed state

Distributed state Distributed state

{ { {
} } }
Desired state Desired state Desired state
{ { {
Session-ID: 12345 } }
FunctionCode: 1
State: Build
Roles:

<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Veh. 3
FT‘”I

e

) Send Beacon ([

indicates consent

12/05/2022

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID:
FunctionCode:

Distributed state

Session-ID: 12345
FunctionCode: 1

State: Build

Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state

{

Session-ID: 12345
FunctionCode: 1

State: Build

Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}

Session ID:
FunctionCode:

Distributed state
{
}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

~ Veh. 3 - Veh.2
LF:ED Send Beacon L._:F:LD . S
=\
Veh.1 - S
Veh. 1: Veh. 2: Veh. 3: Veh. 4.
Session ID: Session ID: Session ID: Session ID:

FunctionCode:

Distributed state

FunctionCode:

Distributed state

FunctionCode:

Distributed state

FunctionCode:

Distributed state

{ { { {
} } } }
indicates consent Desired state Desired state Desired state Desired state
{ { { {
Session-ID: 12345 Session-ID: 12345 Session-ID: 12345 }
FunctionCode: 1 FunctionCode: 1 FunctionCode: 1
State: Build State: Build State: Build
Roles: Roles: Roles:
<Veh1,lead;Veh2,front_1;Veh <Veh1,lead;Veh2,front_1;Veh <Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant>
Change-Timeout: 1495394318 Change-Timeout: 1495394318 Change-Timeout: 1495394318
} } }
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Veh. 3 Veh. 2

(C_J) SendBeacon ([

==t

Veh. 1:

Veh. 2:

Veh. 3:

IMAGInE

Veh. 4:

Session ID:
FunctionCode:

Distributed state
{
}

indicates consent

Desired state

{

Session-ID: 12345
FunctionCode: 1

State: Build

Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state

{
Session-ID: 12345
FunctionCode: 1
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state

{
Session-ID: 12345
FunctionCode: 1
State: Build
Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318

Session ID:
FunctionCode:

Distributed state
{
}

Desired state

{
Session-ID: 12345
FunctionCode: 1
State: Build
Roles:
<Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>
Change-Timeout: 1495394318
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Veh. 3 o Veh.2
Iﬁﬂ_ﬂfj Send Beacon \f”_r'_)

=l S S

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID:
FunctionCode:

Distributed state

Session ID:
FunctionCode:

Distributed state

Session ID:
FunctionCode:

Distributed state

Session ID:
FunctionCode:

Distributed state

{ { { {
} } } }
Common status
cha nge as soon ?esired state {Desired state {Desired state {Desired state
as a|| pPa rticipa nts Session-ID: 12345 Session-ID: 12345 Session-ID: 12345 Session-ID: 12345
h h FunctionCode: 1 FunctionCode: 1 FunctionCode: 1 FunctionCode: 1
ave the same State: Build State: Build State: Build State: Build
WISh Roles: Roles: Roles: Roles:
<Veh1,lead;Veh2,front_1;Veh <Veh1,lead;Veh2,front_1;Veh <Veh1,lead;Veh2,front_1;Veh <Veh1,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant>
Change-Timeout: 1495394318 Change-Timeout: 1495394318 Change-Timeout: 1495394318 Change-Timeout: 1495394318
} } } }
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

~ Veh.3

Veh. 2

(s
1 | N)

e

Common status
change as soon

as all participants
have the same
wish

12/05/2022

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID: 12345
FunctionCode: 1

Distributed state

Session ID: 12345
FunctionCode: 1

Distributed state

Session ID: 12345
FunctionCode: 1

Distributed state

Session ID: 12345
FunctionCode: 1

Distributed state

{ { { {
State: Build State: Build State: Build State: Build
Roles: Roles: Roles: Roles:
<Vehl,lead;Veh2,front_1;Veh <Vehl,lead;Veh2,front_1;Veh <Vehl,lead;Veh2,front_1;Veh <Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant>

} } } } -

Desired state Desired state Desired state Desired state

{ { { {

} } } }
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

Common status
change as soon

as all participants
have the same
wish

12/05/2022

Veh. 2

(i
= up

p ==

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state

{
} I State: Drive I

Session ID: 12345
FunctionCode: 1

Distributed state

{

}

Desired state

{
}

State: Build

Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state
{
}

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state
{
}
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F1 Collaborative Maneuver Protocol (CMP)

Procedure

~ Veh.3
L

Veh. 2

i | N)

e

Common status
change as soon

as all participants
have the same
wish

12/05/2022

Veh. 1:

Veh. 2:

Veh. 3:

Veh. 4:

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state

{

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state

{

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state

{

Session ID: 12345
FunctionCode: 1

Distributed state

{
State: Build
Roles:
<Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant>

}

Desired state

{
I State: Drive

} I State: Drive I

I State: Drive
}

I State: Drive
}

}
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F1 Collaborative Maneuver Protocol (CMP)
Procedure

Veh. 2: | Veh. 3: Veh. 4:

Session ID: 12345 Session ID: 12345 Session ID: 12345 Session ID: 12345
FunctionCode: 1 FunctionCode: 1 FunctionCode: 1 FunctionCode: 1
Distributed state Distributed state Distributed state Distributed state
{ { { {
l State: Drive I l State: Drive I I State: Drive I l State: Drive I
oles: oles: Roles: oles:
Sen d an d Ch ECk <Vehl,lead;Veh2,front_1;Veh <Vehl,lead;Veh2,front_1;Veh <Vehl,lead;Veh2,front_1;Veh <Vehl,lead;Veh2,front_1;Veh
3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant> 3,rear_1;Veh4,participant>
Heartbeat } } } }
Desired state Desired state Desired state Desired state
{ { { {
} } } }
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F1 Cooperative Maneuver Coordination — Merging IMAGInE
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F1 Cooperative Maneuver Coordination — Merging

Initial
Buildup
(@ Drive
Disband
(7 Leave
(@ Join
(@ End
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Role-Based Approach IMAGInE
Characteristics

* Session can take place over a long period of time

Session roles:
- Merge Veh.
- Front Veh.
- Rear Veh.

* States and roles are synchronized between
vehicles

* The behavior results from the role, sate and
function
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F2 Cooperative Maneuver Coordination - Platooning IMAGIn€E

Legende:
Initial
Buildup

(7 Drive
(7 Disband
(7 Leave
(7 Join

T = 5 7 End
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F2 Cooperative Maneuver Coordination - Platooning IMAGInE

v lat  524946° —_— )
tong: 132088 Initial, Buildup,

- — Legende:
Initial
Buildup

(7 Drive

7 Disband

(7 Leave

(7 Join

(7 End

Pl

e——

Speed: 80 km/h  Throtte: 83 %

Im zweiten Fall tritt Fahrzeug 4

ine: 1397 Brake: 0 % )
S L i dem Platoon von vorne bei.

Gear: D#6 Steering: 0
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Summary IMAGInE

* The functions F1 and F2 could be developed,
implemented, presented and evaluated in
simulations together with the role-based
maneuver coordination concept

* The simulation studies™ include
* the pure scenario simulation
* theintegration of real data sets

* the realization of the interaction
between simulated vehicles and
the vehicles from the real data sets

& O
Interactlon‘

PHABMACS highD, exID Interaction

* See Session: Simulation

12/05/2022 IMAGInE FINAL EVENT 30




THANK YOU

Dr. Gabi Breuel, Lucas Dahlbock, Dr. llja Radusch
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