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What is a Platoon?

Platooning Speed Harmonization

Platooning uses cooperative Speed harmonization provides speed
adaptive cruise control in a series r dati to indivi hicles on the

of vehicles to improve traffic flow corridor which optimizes network performance
stability and safely allow short by improving traffic flow stability and reducing

headways, to obtain mobility and bottlenecks, to obtain mobility and safety

fuel efficiency benefits. benefits and reduce environmental impacts.
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Security

PlahooningistehS'ys&mﬁ!vdettassemrkdr bei dam mehrere
Fak {ther WLAN elektronisch koppelt sind. Alle im

«Plnoom {Engllsd! fiir militdrischen «Zug) fahrenden Fahrzeuge folgen
i imalem Abstand. G t werden sie vom Fahrzeug an
Spi!ze Pl g kann fiir den bunds Personen- und
Giiterverkehr in Frage kommen. Aus wirtschaftlichen Criinden ist die
Entwicklung aber vor allem fiir den Giiterverkehr von Interesse.
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Smart Car Convoys

Safe Distance without
5G and V2V
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Fuel Savings of

25%

Air flow - drag
constitutes 50-75%
of highway energy

Air flow - car convoy
can reduce drag by
20-60%



2 1 - Introduction

- “Driverless cars” is not fully autonomous yet.

- Legal constraints, such as the Vienna Convention, responsible
human.

- Platoons: each vehicle autonomously follows the one in front of
it, with the lead vehicle in the platoon/convoy being controlled
by a professional human driver.

- Safety and efficiency of vehicles on very congested roads;

- Needs to communicate with each others - V2V;
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) V2V Communication

/

- Lower level (control system) to adjust each vehicle’s position
In the lanes and the spacing between the vehicles;

- Higher levels, to communicate joining requests, leaving
requests, or commands dissolving the platoon;

- A traditional approach is used to implement the software for
each vehicle in terms of hybrid (and hierarchical) control
systems and to analyse this using hybrid systems techniques.
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15 Contribution

- ISO 26262 standard: functional safety management in
automotive applications - V&V,

- Fulfilled in design development and validation;

- Verifiable agent-based architecture for development of safe
automotive platooning;

- New combined verification techniques for autonomous systems
developed based on hybrid agent architectures;

- Show the applicability of verification techniques in the

development of platooning;
9



}\ 2 - Automotive Platoons

- Enable road vehicles to travel as a group, lead by a
professional driver;

- The follow vehicles are controlled autonomously;

- Vehicles equipped with low-level control system(speed/
steering)

- Lead vehicle coordinate the platoon: setting parameters,
creates certificates to join an leave.




k Formal automotive platoons requirements

- Understand the functioning of platooning protocols;
- Verify essential properties such as the functional correctness

and liveness of the protocols;
- A vehicle can join and leave a platoon if, and only if, the whole

platooning remains safe;




15 Joining the platoon

A new vehicle can join a platoon with different control strategies:

sends a joining request and position to the leader;

the maximum length is checked and in normal operation, i.e., no other active are
happening;

if position is in front of vehicle X and the maximum length is ok, the leader sends
an “increase space” command to vehicle X, and when the leader is informed that
enough spacing has been created, it sends back an agreement to the joining
vehicle;

the joining vehicle changes its lane;

its automatic speed controller is enabled;

when the vehicle is close enough to the preceding vehicle, its automatic steering
controller is enabled and acknowledgement;

a “decrease space’ command to vehicle X, and acknowledgement.
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) Safe join operation

The requirements decision-making components of automotive
platoon:

1 - A vehicle must only initiate joining a platoon, once it has
received confirmation from the leader.

2 - Before autonomous control is enabled, a joining vehicle must
approach the preceding vehicle, in the correct lane.

3 - Automatic steering controller must only be enabled once the
joining vehicle is sufficiently close to the preceding vehicle.
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) Leaving the platton

/

a member sends leaving request to the leader and waits for

authorization;

- when maximum spacing has been achieved, the vehicle
switches both its speed and steering controller to ‘manual’;

- If receipt of ‘leave’ authorization, the vehicle increases its
space from the preceding vehicle; changes its lane;

- the vehicle sends an acknowledgement to the leader.




3 3 - Agent-based development of
’ automotive platoon

- High-level decision-making: Gwendolen agent code;

- Control system is provided as a Simulink model;

- To simulation (TORCS) and testing of protocols for validation;

- The assumption that the physical model in the simulation is
representative of real world vehicle dynamics;

- An interface between TORCS and MATLAB/Simulink has been
developed;

- Safety analysis of systems;
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-}, Gwendolen programming language

Is a declarative logic-programming language incorporating explicit
representations of goals, beliefs, and plans;

Gwendolen uses many syntactic conventions from BDI
(Belief-Desire-Intention) agent languages.
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38 Gwendolen syntax

/

Belief-Desire-Intention (BDI) model

perform goal +1g [perform] adding a new goal to perform some actions

achievement goal +!g [achieve] adding a new goal and continuously attempting the plans associated with the goal until the agent
has acquired the belief g

believe +b adding a new belief b

disbelieve -b removing a belief b

on-hold believe “b waiting for belief b to be true

plan trigger : guard < body trigger is the addition of a goal or a belief; guard gives conditions under which the plan can be
executed; body is a stack of actions that should be performed

guard condition B x checking if belief x is perceivable

guard condition Gx checking if goal x has been added

action perf(x) action x causing the execution of x

+!g indicates the addition of the goal g;
+b indicates the addition of the belief b;
- b indicates the removal of the belief;

* b indicates that execution of a plan is suspended until the belief, b, becomes true
17
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A follower vehicle’s code

/

Listing 1 A follower vehicle’s code.

Reasoning Rules
joining (X, Y):— name(X), platoon—ok

High-level plan:
decision-making

. | N agent for the joining
joining (X, Y) [achieve]: {B n:_ime(X), B Jan_agreement(X, Y).s

:E f-r!‘éslIp;et(;sg:lcaonnet'r(6? [Sf)z_r?;)rancll]n.gE‘%gté:fihnlg‘_,ig}ntr(O) [ perform], }; procedure for a

Plans
+! joining(X, Y) [achieve]: {B name(X) , ~B join_agreement(X, Y)}
<— +!speed_contr(0) [perform], +!steering_contr(0) [perform],
.send(leader, :tell, join_req(X, Y)), xjoin_agreement(X, Y);

SOOO\IG)UI.bWN—l

+

perf(changing_lane(1)), xchanged_lane; 13 .
1 foll hicl

+! joining (X, Y) [achieve]: {B name(X), B join_agreement(X, Y), 15 O Ower Ve IC e
B changed_lane, ~B speed_contr, ~ B steering_contr, 16
~B joining_distance, ~G set_spacing(Z) [achieve]} SyntaX 17
<— +lspeed_contr(1) [perform], *joining_distance; 0 - manual 18
i 19
+! joining(X, Y) [achieve]: {B name(X), B join_agreement(X, Y), 1 - automatic 20
B changed_lane, B speed_contr, ~B steering_contr, * : 21
B joining_distance, ~G set_spacing(Z) [achieve]} wait to be true 22
<— +lsteering_contr(1) [perform]; ~ not 23
24
+! joining(X, Y) [achieve]: {B name(X), B join_agreement(X, Y), + add 25
B changed_lane, ~B speed_contr, ~B steering_contr, _ 26
B joining_distance, ~G set_spacing(Z) [achieve]} remove 27
<— +!speed_contr(1) [perform], +!steering_contr(1) [perform]; 28
29
+! joining (X, Y) [achieve]: {B name(X), B join_agreement(X, Y), 30
B changed_lane, B speed_contr, B steering_contr, 31
B joining_distance, ~B platoon_m, ~G set_spacing(Z) [achieve]} 32
<— .send(leader,: tell ,message(X,joined_succ), 33

s#platoon_m, +platoon—ok; 34 18
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1 4 - Verification

- Verification task: agent behaviour and real-time requirement of
the system,;

- Agent behaviour: AJPF (Java PathFinder model checker - only
program model-checker for rational agents);

- Real-time requirements: UPPAAL model checker (timed
automata);

- Validation of verification;




Java PathFinder

+ABOUT NASA +LATEST NEWS +MULTIMEDIA +MISSIONS +WORK FOR NASA

+ NASA Home Java PathFinder
+ Ames Home P ,f_::
+ Intelligent Systems

Division
+ Robust Software

Engineering

+ Verification and Java PathFinder Researchers

Validation .
A Model Checker for Java Programs « Peter Mehlitz

« Corina Pasareanu
Recipient of NASA's 2003 TGIR Award for Engineering

Java PathFinder

Innovation » Dimitra
Giannakopoulou

JPF is now available at SourceForge (Non-NASA Link!) « Masoud Mansouri-
Samani

The majority of work carried out in the formal methods
community throughout the last three decades has (for good
reasons) been devoted to special languages designed to make it
easier to experiment with mechanized formal methods such as

Past Researchers

theorem provers and model checkers. We believe it is time for « Willem Visser (Seven)

the formal methods community to shift some of its attention « John Penix (Google)

towards the analysis of programs written in modern » Klaus Havelund (JPL)

programming languages. 20



Vehicle Control
and Environment

which, abstracts to an overarching formal model:

Timed
Automaton

Agent
Automaton

Timed
Automaton

Vehicle Control
and Environment

Timed
Automaton

Architecture

Agent
Automaton

Timed
Automaton

Timed
Automaton
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Timed
Automaton:
Comms

Verification Methodology

= ——my
Agent
Program: Aj

| ABSTRACT>

Timed

Automaton:

Vi

Untimed
Automaton:
Comms’

Abstraction time to untimed automaton
over-approximation

<}

Agent
Program: Aj

i

Untimed
Automaton:
vi’




Automata of the Platooning

Communication Timed Automaton Vehicle Timed Automaton
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rcy(;}]argi_lgng( 1))

rev(j_req) o B a gt i 5o 7 S N o

V\_",/

a

Agent Automaton.pdf
b rev(j_ack) G snd(change_lane(1 ?) > d

S e rev(changed 1:
2 i rev(c mgev_dne)

e _ _continues the rest of procedure
_______ s ¢

Communication Untimed Automaton Vehicle Untimed Automaton

rev(change_lane(1))
rev(j_req) &l % g B -

a w’/ 2 )ig— snd(changed_lane) b
An example of timed and untimed automata of the platooning. 23
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2] From agent model to untimed
automata

- Generate a state model of an agent model through the AJPF model checker;
- In every state we have a set of beliefs, intentions, actions, and messages which can
represent either the internal state of the agent, or the input/output information from/to

the environment;
- The environment is an abstract representation of a vehicle and other agents, in this

context;
- For automaton generation only the input/output information is required;
- Remove superfluous information from the state model and merge equivalent states,

as described in Algorithm 1;

The generated state model of the agent code consists of 1396 states and 2361
transitions o4
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Agent model algorithm

Algorithm 1 Agent model to untimed automaton algorithm.
1: translateAgentToAutomaton(S, F)

/

Input: a state model A, representing as a graph G = (S, E) TO remove SUperﬂUOUS information from the

Output: a minimised state model A’, representing as (S”, E"”") .

2: (S, E) = STRIPINTERNALBELIEFS(S, E) state model and merge equivalent states;

3: (5", E") = REMOVEEMPTY(S', E)) .

45 (S e MareHARDNSR e RS 5% This reduces the number of states and

5: function STRIPINTERNALBELIEFS(S, E) transitions;

6: S'=¢ )

7. foreachsc S do States converges to a size of 34.

8: s’ = s with all internal beliefs and intentions removed

9: s” =s’ with all remaining beliefs and messages converted to propositions

10: S'=S"U{s"}

11: end for

12: return (S, E) 24: function MATCHANDMERGEDUPLICATES(S, E)

13: end function 250  §t=§ E'—E

14: function REMOVEEMPTY(S, E) 26:  foreachs; € S’ do

15 S§'=S,E'=E 27: for each sj € S’ \ {s;} do

16: foreach s S’ do 28: if out(s;) = out(s;) and prop(s;) = prop(s;) then

17: if prop(s) = then 29: E' = (E" U {(Sin. Si) | sin €in(sj)})

18: E'=(E'U{(x,y) | xein(s) A y € out(s)}) \({(sj: Sout) | Sour € OUL(s;)} U {(Sin,Sj) | Sin € in(sj)})
\V({(x,5) | xein(s)} U {(s,y) | y € out(s)}) 30: S'=5"\{sj}

19: S'=5"\{s} 31: end if

20: end if 32: end for

21: end for 33: end for ,

22 return (S'. E) 34: return (S', E") 25

35: end function

.23: end function
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15 Agent model algorithm

/

Algorithm 1 Agent model to untimed automaton algorithm.
1: translateAgentToAutomaton(S, F)

Input: a state model A, representing as a graph G = (S, E) | To remove superfluous information from the
Output: a minimised state model A’, representing as (S, E") .

2: (S, E) = STRIPINTERNALBELIEFS(S, E) state model and merge equivalent states;
3: (5", E") = REMOVEEMPTY(S', E)) :

45 (S e MareHARDNSR e RS 5% This reduces the number of states and

5: function STRIPINTERNALBELIEFS(S, E) transitions:

6: S'=0 - ’

7 fc

8:

9: 129 145 145

10

11 e

12: r 129 129
13: end o 2 2 .

14: func 127
/'
15: S ; ’
sl s — P =
17 145 & 127
(3) (4)

18: (sp)h
(1) (2)

19:

20:

21: end for

22: return (S, E')

33: end for
34: return (S', E")
35: end function

26
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Example:
Uppal agent
automaton

29 locations extracted
from the output of
previous Algorithm

p
SET_SPACE

set_spacing

_from[id][0]!

set_spacing_from
_vehicle[id][id]?
spacing_done=true

space? (inc_spacing=true):
inc_spacing=false)),
acing_done=false

set_spacing_c[0][id]?

et_spacing_vehicle_c[id][id]!

(.
(Sw_STEERING

IDLE

switch_steering[0][id]?

steering_manual[id][id]!
steering_auto[id][id]!

switch steering
done[id][0]!

- Unicast sending Join/Leave to leader

- Receive acknowledge

M

(JOIN

process_time== SET_SPACE_TIME+
SET_SPACE_BOUND+CHANGE_LANE TIME+

< CHANGE_LANE_BOUND+AGENT_WAITING
failed_to_join

process_time<= SET_SPACE_TIME+
SET_SPACE_BOUND+CHANGE_LANE_TIM
CHANGE_LANE_BOUND+AGENT_WAITIN

changing_lane[id][id]!
changing_lane_flag= true,
changed_lane_flag= false
rdy_ch_lan

join_r[id][0]! iting_for_j_agr
avl ( join_agr_c[0][id]?
changed_lane_flag = false
changed_lane[id][id]?
changing_lane_flag=false,

changed_lane_flag=true

process_time = 0

oin_completed

blatoon_m_c[0][id]? (|<P%(‘l]0u(]h[l [id]? A
ThETTe e G C C)
joined_suc[id][0]! & &
L eering_auto[id][id]! speed_auto[id][id]!

LEAVE failed_to_leave
/c'\ process_time== SET SPACE_TIME+
\ 4 SET_SPACE_BOUND+CHANGE_LANE_TIME+

CHANGE_LANE_BOUND+AGENT_WAITING
gave_completed changed_lane[id][id]?
‘&" &

e latoon_m_c[0][id]

leave_r[id][0]! left_suc[id][0]!

reoalabal_ looy

process_time=0

_req(),

process_time<= SET_SPACE_TIME+
SET_SPACE_BOUND+ CHANGE_LANE_TIME
+ CHANGE_LANE_BOUND+ AGENT_WAITING

waiting_for_|_agr

set_spacing_c[0][id]?
changing_lane[id][id]!

set_spacing_vehicle_c[id][id]!
(space? inc_spacing=true:
inc_spacing=false),

spacing_done=false ’
P 9- steering_manual[id][id]!

Set_spacing_from_vehicle[id][id]?
pacing_done=true

o ©
set_spacing_from[id][0]! & leave_agr_c[0][id]? &

speed_manuallid][id]!

27



Example:
L eader
automaton

- Unicast synchronization channels to
communicate with the agents

platoon_

m_c[0][joining_vehicle.sender]! joining_vehicle= empty_req()

joining_vehicle.front==0 platoon_m_c[0][joining_vehicle.sender]! _joining_vehicle= empty req()

set_spacing_from[joining
vehicle.front][0]?

timer>= SET_SPACE_TIME -
SET_SPACE_BOUND

timer>= SET_SPACE_TIME - SET_SPACE_BOUND
set_spacing_from[joining_vehicle.front][0]?

timer<= SET_SPACE_TIME + @@
SET_SPACE_BOUND X

timer=0, space=0

joining_vehicle.front!=0
set_spacing_c[0][joining_
vehicle.front]!
joining_vehicle.front==0

failed_to_join
timer >= SET_SPACE_TIME+ SET_SPACE_BOUND +
CHANGE_LANE_TIME+ CHANGE_LANE_BOUND+
JOIN_DISTANCE_TIME+JOIN_DISTANCE_BOUND+

joined_suc[joining_
Mveh\cle.senderl[OPf,

joining_vehicle.front==

LEADER_WAITING
( i: ID

join_r[i][0]?

@ join_agr_c[0][joining_vehicle.sender]!

join r n
joining|vehicle.front!=0 Jolnzagresment

set_spacing_c[0][joining
vehicle ffront]! timer=0,
space=0

join_agr_c[0][joining_vehicle.sender]!

timer>= SET_SPACE_TIME -
SET_SPACE_BOUND

& joining_vehicle= reqglobal, idle
timer=0
joining_vehicle.front!= 0
set_spacing_c[0][joining_vehicle.front]!
/timer=0, space=1

set_spacing_from[joining_

timer<= SET_SPACE_TIME + vehicle.front][0]?

SET_SPACE_BOUND

timer>= SET_SPACE_TIME

SET_SPACE_BOUND

switch_steering[0]

[back_vehicle]! set_spacing_from[leaving_
vehicle.sender][0]?

set_spacing_c[0][leaving_ leaving_vehicle= reqglobal,
vehicle.sender]!

Y timer<= SET_SPACE_TIME +
SET_SPACE_BOUND

B | 2)
leave_rl[i][0]?

update_back_vehicle(i),
fail_leaving=false y,

C\ back_vehicle!=0 @@
&

switch_steering_
done[back_vehicle][0]? SET_SPACE_BOU
leave_agr_c[0][leaving_
vehicle.sender]!
back_vehicle==0

£ _ timer=0, space=1

timer<= SET_SPACE_TIME +

failed_to_leavi

ND

set_spacing_c[0][leaving_
vehicle.sender]!

leave_agr_c[O][leaving_
vehicle.sender]!

LEADER_WAITING

leave_agreement : ;
caveragreeme fail_leaving=true

imer >= SET_SPACE_TIME+ SET_SPACE_BOUND+
HANGE_LANE_TIME+ CHANGE_LANE_BOUND +

timer=0, space=0

timer>= SET_SPACE_TIME -
SET_SPACE_BOUND

left_suc[leaving_vehicle.sender][0]? vehicle

switch_steering[0] switch

[back_vehicle]!

set_spacing_from[leaving

sender][0]?

no_platoon_m_c[0]

steering_done
9_ [leaving_vehicle.sender]!

back_vehicle!= 0
no_platoon_m_c[0]

/‘5\ [back _vehicle][0]?

\[j fail leaving

_ [leaving_vehicle.sender]! back_vehicle==0



- It is necessary because of the
time abstraction;
- Failure found;

1
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)\ Concluding remarks

The verification of safety considerations for automotive platooning:

- Non-trivial hybrid autonomous systems, with each vehicle mixing feedback
controllers and agent decision-making;

- Strong requirement to verify the actual code used in the implementation, rather
than extracting a formal model of the program’s behaviour - this leads on to
program model-checking, which is resource intensive;

- Rational agents are essential for capturing high-level autonomy and, as there are
no other practical systems able to model-check temporal and modal properties of
complex BDI agents, we are led to AJPF;

- AJPF is very resource intensive (12 hours for some agent properties) and cannot
be practically used to verify whole system properties of automotive platooning;

- Timing considerations can be crucial.
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Thank you!




