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Provably Safe and Deadlock-Froe Execution of Multi-Rebet Plans

Prioritized Planning Algorithms for Trajectory
Coordination of Multiple Mobile Robots
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Provably Safe and Deadlock-Froe Execution of Multi-Rebet Plans

Prioritized Planning Algorithms for Trajectory
Coordination of Multiple Mobile Robots
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Multi-robot Trajectory Coordination for Complex Vehicle Combinations
Research Objective

|
1
Given > ps q |
= Initial robot configurations gipit q green,goa
= Robot kinematics and geometry blue,goal
= Static obstacle map |-
" Goal configurations ggoal
Desired Outcome
= Coordinated trajectories avoiding obstacles,
mutual collisions and deadlocks
= Robustness against disturbances
= Practical deployability [T TEC
dred,goal
{1t X —
_——
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Related Work

Trajectory Coordination

Path-Velocity-Decomposition(kant 1986]

= Planning in composite statespace is computationally
intractable

= Decouple problem into path planning and velocity planning

Path Velocity

Planning Planning

Trajectory
Execution

y—>

dblue,goal

A

{/}

Qgreen,goal

~

dred,goal

[Kant 1986] K. Kant and S. W. Zucker, “Toward Efficient Trajectory Planning: The Path-Velocity Decomposition,” The International Journal of Robotics Research, vol. 5, no. 3, pp. 72—89, Sep. 1986
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Related Work
Velocity Planning

Prioritized Planning [Erdmann 1987, Cap 2015]
= Use heuristics to assign priorities, e.g.,

priority A, (blue) > priority A, (green) > priority A, (red)
= Sequential velocity planning

Ao (blue) A (green)
100 100 :
& : &
£ £
s 0 &
%020 40 @0
tins
- G " Obstacle Shape?

[Erdmann 1987] M. Erdmann and T. Lozano-Pérez, “On multiple moving objects,” Algorithmica, vol. 2, no. 1, p. 477, 1987

y—>

A

{/}

~

[Cap 2015] M. Cép, P. Novak, A. Kleiner, and M. Selecky, “Prioritized Planning Algorithms for Trajectory Coordination of Multiple Mobile Robots,” IEEE Transactions on Automation Science and Engineering, vol. 12, no. 3, 2015
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Related Work

Path Planning for Complex Vehicles at Fraunhofer IVI

\
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Approach

Deriving Dynamic Obstacles

|
T
Spatiotemporal Occupancy Trackingtkeppler 2020] =4 T
= Kinematic simulation to register occupancy intervals of the swept vehicle
geometry in a grid map representing the workspace
y : i
5
. i il
5
/
{I} X {/} X —
Yard origin
= Dynamic obstacles can be d
= Conflicts per cell can be ass demand

[Keppler 2020] F. Keppler and S. Wagner, “Prioritized Multi-Robot Velocity Planning for Trajectory Coordination of Arbitrarily Complex Vehicle Structures,” in 2020 IEEE/SICE International Symposium on System Integration (SIl), Honolulu,
Hawaii, USA, Jan. 2020

\
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Multi-robot Trajectory Coordination for Complex Vehicle Combinations

Results under Ideal Conditions

Ao (blue) Ay (green) A; (red)
100 | | 100 | ! 100 |
£ g S
c c c
s 501 1 5 50f ’ 1 & 501
O0 20 40 60 Oo 20 40 60 O0 20 40 60
tins tins tins
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Multi-robot Trajectory Coordination for Complex Vehicle Combinations
Delaying Disturbances

Ay (blue)
100 | “
g
£ s
s S0f P,
OO 20 40 60
tins
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Deadlock: intervention, e.g.,

reversing, needed

As (red)
100 é
50|
ld
OO 20 40 60
tins
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Multi-robot Trajectory Coordination for Complex Vehicle Combinations
Delaying Disturbances Green reaches goal without

Red waits for blue

delay to preserve coordination

RMTRUCK control law/Schéfer 2023]
= Inspired by RMTRACK!Cép 2016]
= Preserves traversing order defined by prioritized planning

= Extended for non-circular robots
= Braking and acceleration instead of velocity jumps

= Provably deadlock-free
= Number of affected agents can be reduced

Blue delayed

[Schafer 2023] J. Schafer, F. Keppler, S. Wagner, and K. Janschek, “RMTRUCK: Deadlock-free Execution of Multi-robot Plans under Delaying Disturbances,” in 26th International IEEE Conference on Intelligent Transportation Systems (ITSC),
Bilbao, Spain, Sep. 2023

[Cap 2016] M. Cap, J. Gregoire, and E. Frazzoli, “Provably safe and deadlock-free execution of multi-robot plans under delaying disturbances,” in 2016 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Daejeon, South
Korea, Oct. 2016

\
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Wir bringen Forschung in die Anwendung — als Module fir Produkte
Und vernetzen herstellerneutral mit dem helyOS®-Framework fiir Leitstandsysteme

TruckTrix OrchesTruck
Pfadplanung Koordination

Regelung

E/E System

= Integration
Ny

Lokale
Planung

Megawatt
Laden

Q)
helyQS framework.org

Aufgabe Microservices

Farm-/Yard-Management
| Schwerlasttransport A nach B

—
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Fazit
Auf dem Weg zum automatisierten Betriebshof ohne AGV-Tanz

= Automatisiertes Fahren im Betriebshof fir viele Anwendungsfalle heute technisch moglich & wirtschaftlich sinnvoll

= Fir einige Anwendungsfalle bleiben spannende Forschungsfelder mit grollem Innovationspotenzial
Koordination mehrerer Fahrzeuge auf engem Raum
Automatisiertes Koppeln von (Bestands-) Trailern
Rickwarts rangieren mehrgliedriger Fahrzeuge
Zertifizierbare Umfeldsensorik an / hinter (Bestands- & Fremd-) Trailern

= Jetzt die Basis schaffen: Steer-by-Wire-fahige Fahrzeuge und Projekte flir Innovationen Made in Europe

\

~ Fraunhofer

23 14.10.2025 felix.keppler@ivi.fraunhofer.de | Mobile Robotics Summit 2025
VI



"/'I' .
' J! “ ML

Koordination, Leitstand, Ruckwartsfahrt...
lhr Use-Case?

Vielen Dank fur lhre Aufmerksamkeit!

Dr.-Ing. Felix Keppler l ’
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RMTRUCK
Phase A (Offline)

Offline, once after prioritized planning:

= Definition of a coordination space §;; for each pair of agents S
Distance s; along path of 4; 100 :TL ..
over distance s; along path of 4;, i € {0, ...,n};j € {0, ...,n};i # j Y
80
= Original trajectory coordination Hij from prioritized planning
60 |
40
Ag (blue) As (red)
100 100 20t
& £
= = Si—> inm
& 50 o 50 | i=2
20 40 60 80 100
OO 20 40 60 OO 20 40 60
tins tins
| 4
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RMTRUCK

Phase A (Offline)

Offline, once after prioritized planning:

= Determination of a collision set (;; with (s;, s;), where collisions would occur
(known from planning)

= Dilation to collision region (;; covering region between two discrete path steps

28

14.10.2025
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RMTRUCK
Phase B (Online)

Online on each agent:

= Deviations from planned s-t-profiles lead to | S
deviations in S;; v 100 | EL ..
= Adopted from RMTRACKIC 20161; (s, (1), S; (£)) may deviate from I1;; as long as it is t
possible to return to [I;; via a vertical or horizontal line in positive direction without 30 |
crossing a collision region
= Otherwise, the point (si (t),s; (t)) is called prohibited: 60 |
Cij N(si(®)) < [s;@®), . (s (1)) # @ (pi,j(sifsj))
= Thus, a prohibited area is defined as: 40 Cij
Pij = {(si, 7)1 pi,j (0. 57)} p
20 1 Lj
= Distance to prohibited area governs maximum allowed velocity Sodist | Low-o
' | | Si—2 Inm
0 40 60 80 100
(5:(6),s;(D)}
| 4
29 14.10.2025 felix.keppler@ivi.fraunhofer.de | Mobile Robotics Summit 2025 % FraunhOfer

VI



RMTRUCK
Phase B (Online)

= Each agent is responsible to maintain coordination w.r.t. all
other agents

= Distance to closest prohibited area min( J governs

maximum allowed velocity v; pax rm (1),

which limits controller output

= The coordination spaces §;; and §;; are symmetrical
Agent A; can only influence the progress of s;
Therefore, agent A; is responsible for (s;(t), s;(t))
below II;;
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RMTRUCK

Benchmarking Results

Idealized simulation

= Randomized scenarios with five agents

= 20000 runs with one randomly scattered
disturbance per run

100
lo ALLSTOP =
£ 80 [|lIRMTRUCK
-
g 60 Less agents affected
[0}
g 40 C——
O
S 20 H
0 1 2 3 4 5
# Affected agents
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Occurrence in %
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T (X1 V) Xn_1/51) 50
E " s o
= 40 §
N S
30 Y
-
3
205
k%)
10 ©
{/} xinm—| || 0
D ALLSTOP
RMTRUCK
Average delay drastically reduced
| | o
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Die Fraunhofer-Gesellschaft
Auf einen Blick

Anwendungsorientierte Forschung mit Fokus auf zukunftsrelevante Schliisseltechnologien sowie auf die Verwertung der Ergebnisse
in Wirtschaft und Industrie. Wegweiser und Impulsgeber fiir innovative Entwicklungen.

O O Hauptstandorte ®
O Nebenstandorte © Itzehow 7~
. Rostock
o Libeck
Stade

~31 000 Mitarbeiterinnen
und Mitarbeiter 2 e et

i
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Finanzvolumen

>

Vertragsforschung

2021

Ausbauinvestitionen u.
Verteidigungsforschung

knapp 30%
Grundfinanzierung
durch Bund und Lander

uber 70%
Industrieauftrage und
offentlich finanzierte
Forschungsprojekte

\
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Fraunhofer-Gesellschaft
Internationales Netzwerk

Leiden Amsterdam

Delft Enschede
Den Haag
Briissel ° S.tc;rcir}:(glm
Glasgow e © Géteborg ® Moskau
N
East Lansing Lond‘on . Dube;:zc:err:———o Bu_dapest
= 8 selbststandige coanon phmout o "L Neapel 4 G T "W By
® Tokio
San José /. River(;ale Porto Ercolano Changwon ¢° Ulsan
F raun h Ofe [r= Jerusalem ¢° Kirjat Bialik Shanghai e
Auslandsgesellschaften
Aktiv mit Partnern aus ca. Bangalore ®
00 ® Kuala Lumpur
80 Landern Singapur e
Representative Offices und
Senior Advisors weltweit Campinas g S0 1056 dos Campos
bilden die Briicke zu lokalen ® Pretoria
I\/Iarkten (S;ri\l:ago de o Stellenbosch @ ® Port Elizabeth
Melbourne @
L
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Forschungsfelder
Kompetenzen

Intelligente Verkehrs- und
Mobilitatssysteme

= Mobilitdtsdienste und -daten
= Ticketing und Tarife

Fahrzeug- und Verkehrssicherheit

= funktionale Sicherheit
= Cybersicherheit

= Unfalldatenanalyse
= Verkehrspsychologie

Seite 34 14.10.2025

Zivile Sicherheit

= Planung und Einsatzfiihrung
= Infrastrukturmanagement
Risikobewertung

Energiesysteme

= autarke Versorgungssysteme
= stationare Energiespeicher

Elektromobilitat

= Batterieentwicklung & -recycling

= Ladetechnologien

= Elektrobusse & E-Nutzfahrzeuge

= Brennstoffzellen /
Wasserstofftechnologien

felix.keppler@ivi.fraunhofer.de | Mobile Robotics Summit 2025

Fahrzeug- und Antriebstechnik

= Antriebstechnik, Mehrachslenkung und
Spurfihrung

= autonomes Fahren und kooperative
Fahrmanover

= Feldrobotik und mobile
Arbeitsmaschinen

~ Fraunhofer
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Automatisierung von LKW
Motivation: Fachkraftemangel

35

70000

60000
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40000

30000

20000

10000

Fahrer*innenmangel in Deutschland!!]

2021

14.10.2025

2022 2023
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Automatisierung von LKW
Auf der Stralse oder im Depot?

— = Zahlreiche Aktivitaten namhafter Hersteller
- - - Fahrer Zeitwei__se Zeitweise
Autonomous Trucking Projects in Europe ohne Fipe ohne Hande
OEM Use case 2018 2019 2020 2021 2022 2023 2024 2025 ‘ ‘ ‘
_ Container | Hamburg BT mad ﬂ 1 H
terminal TruckPilot 8 DB] GOTTING B =
QL I ANITA ® > >
" (3] ® BOSCH LEONI :+8 =8 [
o | Hihib ATLAS-L4 o2 o Level 0 Level1 Level 2
by2030"f w oo : psigy Keine Automatisieruni Assistiert Teilautomatisiert
Ty:hus MINGA @— ® Zeitweise Blick Aufmerksamkeit Passagier

BRENN@Y Removal of 7 von der StraBe aus
A KALK a safety driver =
- ® P4
VOLVO M|n|ng L 4 v
A\l 7] ' ’
‘

A 20N 4

DAE ub-to-hu ﬁ* = N /
St T E—— e wEa - H rj
— ™0 i
@ D= ot J_Macpic @ >
z ) Level 3 Level 4 Level 5
@ Hub-to-hub . =< Hochautomatisiert Vollautomatisiert Autonom
SCANIA o »
IVECO Hubtohub @Plus DSV = <
% —~ . . . ..
b o = Offentlicher Verkehrsraum schwieriges Umfeld fir Level 3+
-~ ; Schwer kontrollierbares, hochveranderliches Umfeld
\-IERBERG tgpmﬁz'n";f =FERNRI:E i = g . .
. Fehlende regulatorische Bedingungen
ESKALMAR Port - ub  #E7
Kixamac Hu&b-;o-hub 3 scnenker 420 [ 2
\rIERBERG ort AWARD : R .. . . .
- * — = Hofautomatisierung bietet Chancen fir zeitnahe Umsetzung
Kixamas (:lgalrsdlc 22 o \CHSER 7 Fraunhofer | +11 L,
. Research 7| Commercial Pilot
7
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Weitere Schritte
Vollautomatisches Nachladen im Megawatt-Bereich

= Projekt MEGA-LADEN
Bis 300 kW (Fahrzeug): 2024
> 1000 kW (Labor): 2023
Voll automatisierbar
Besonders nitzlich bei beengten
Platzverhaltnissen, z.B. an Laderampen

= Nachste Schritte
> 1000 kW (Fahrzeug): bis 2027
‘ L Hochgenaue Positionierung mit UWB
(= I T e ' und Kamerasystemen

) / 1

Q Unde“rbody SonTact Syst;m Ubertrag auf KV-Anwendungen u.a.
\. Automated Charging Device (ACD)

\
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Weitere Schritte
Fahren, Positionieren

Automatisiertes...

Realisierung:

Aktuelle Forschung:

Projekte:

38 14.10.2025

Fahren

Stralde:
Yard/Depot:

Zukunft
seit 2019

Prazise Riickwartsfahrregelung, Lokale
Bahnplanung zur Hindernisvermeidung

AutoTruck, SAFE20, MAGPIE, COGNAC,
Feldschwarm
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Positionieren

Localization with

=
= Fraunhofe‘: ultra-wideband technology (UWB)

g iy U\VE X2
-y r-.:..;.

== A
k Multna’nco_r‘system
=2 ar

-

bis 2027

Hochgenaue Positionierung mit
Kameras und UWB

Eigenforschung

Nachladen

@

MEGA-LADEN

g
o T

._\A

X Underbody Contact System

Q
\. Automated Charging Device (ACD)

Bis 300 kW (Fahrzeug): 2024
> 1000 kW (Labor): 2023

> 1000 kW (Fahrzeug): bis 2027

GUW+, MEGA-LADEN, COGNAC

\
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