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Overview

Recover instantly from single-agent delay 1n multi-agent execution
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Overview

Recover instantly from single-agent delay 1n multi-agent execution

e Don't affect other agents [Hanou & Wild, et al. 2024]
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Overview

Recover instantly from single-agent delay 1n multi-agent execution
e Don't affect other agents [Hanou & Wild, et al. 2024]

>Today: delay other agents, safely
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Multi-Agent Execution Delay Replanning (MAEDeR)

Single delayed agent 1n multi-agent setting
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Single delayed agent 1n multi-agent setting
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Multi-Agent Execution Delay Replanning (MAEDeR)

Single delayed agent 1n multi-agent setting
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Replanning
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Replanning

e Intuitively: replan on delay

* In execution: cannot pause world

>
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Replanning

e Intuitively: replan on delay
* In execution: cannot pause world

>(re)Planning takes time!
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Replanning

e Intuitively: replan on delay
* In execution: cannot pause world

>>(re)Planning takes time!

* Precompute any-start-time plan

>Instantly recover new plan
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Replanning With Temporal Flexibility

e Intuitively: replan on delay
* In execution: cannot pause world

>>(re)Planning takes time!

* Precompute any-start-time plan

>Instantly recover new plan

@MAEDeR (Hanou & Thomas et al. 2024) >
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Replanning With Temporal Flexibility

 Intuitively: replan on delay 1. Precompute any-start-time plan
* In execution: cannot pause world >Instantly recover new plan
>(re)Planning takes time! 2. Query single optimal delay decision

* Precompute any-start-time plan

>Instantly recover new plan

@MAEDeR (Hanou & Thomas et al. 2024) >
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Replanning With Temporal Flexibility

 Intuitively: replan on delay 1. Precompute any-start-time plan
* In execution: cannot pause world >Instantly recover new plan
>(re)Planning takes time! 2. Query single optimal delay decision

FlexSIPP: Each plan gives delay for

* Precompute any-start-time plan other agents

>Instantly recover new plan

@MAEDeR (Hanou & Thomas et al. 2024) >
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Problem features

» Safe Interval Path Planning (SIPP)

* Continuous time and space 1n safe states and actions
* Bound the delay

e Inherent 1n original plan

» Prevent delay propagation
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Problem definition

Multi-Agent Pathfinding
Constructing the SIPP graph

Agent A2

Agent A3
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Problem definition

Multi-Agent Pathfinding
Constructing the SIPP graph

Agent A2

Agent A3

Delayed Agent Al
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Problem definition

Multi-Agent Pathfinding
Constructing the SIPP graph

- m Agent A2

O}  AgentA3

Delaved Agent Al Arrive at 10
Deadline at 12
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Problem definition

Multi-Agent Pathfinding Cell w
Constructing the SIPP graph

Cell w

Agent A2 @

Agent A3 Cell v

Delaved Agent Al Arrive at 10
Deadline at 12
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Problem definition

Multi-Agent Pathfinding Cell w
Constructing the SIPP graph

Cell w <0,0,4,1>

Before A2

m Agent A2

m Agent A3 Cell v

Edge Arrival Time Function
Start wait safe = 0
Start move =0
Move before =4

% Duration =1
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Problem definition

Multi-Agent Pathfinding Cell w

Constructing the SIPP graph <7,7,11,1>
After A2

Cell w <0,0,4,1>

Before A2

m Agent A2

m Agent A3 Cell v

Edge Arrival Time Function
Start wait safe =7
Start move =7
Move before =11

% Duration =1
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Problem definition

Mll].tl'Ag ent Pathflndlng @MAEDeR  Cellw

Constructing the SIPP graph <7,7,11,1>
After A2

Cell w <0,0,4,1>

Before A2

m Agent A2

m Agent A3 Cell v

Delaved Agent Al Arrive at 10
Deadline at 12
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Problem definition

Mlllti'Agent Pathflndlng @MAEDeR  Cellw
Constructing the SIPP graph FlexSIPP @ <7,7,1,1>

After A2
Cell w <0,0,4,1>

Before A2

m Agent A2 @

m Agent A3 Cell v

Delaved Agent Al Arrive at 10
Deadline at 12
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Problem definition

Mlllti'Agent Pathflndlng @MAEDeR  Cellw
Constructing the SIPP graph FlexSIPP @ <7,7,1,1>

After A2
Cell w <0,0,4,1>

Before A2

m Agent A2 @

m Agent A3 Cell v
Flex =2

Delaved Agent Al Arrive at 10
Deadline at 12

]
TU Delft Issa Hanou Precomputing Multi-Agent Path Replanning Using Temporal Flexibility = Auqgust 16,2026 | 7



Problem definition

Mlllti'Agent Pathflndlng @MAEDeR  Cellw
Constructing the SIPP graph FlexSIPP @ <7,7,1,1>

After A2
Cell w <0,0,4,1>

Before A2

m Agent A2 @

m Agent A3 Cell v
Flex =2 |Flex =2

Delaved Agent Al Arrive at 10
Deadline at 12

]
TU Delft Issa Hanou Precomputing Multi-Agent Path Replanning Using Temporal Flexibility = Auqgust 16,2026 | 7



Problem definition

Mlllti'Agent Pathflndlng @MAEDeR  Cellw
Constructing the SIPP graph FlexSIPP @ <7,7,1,1>

After A2
Cell w <0,0,4,1>

Before A2

m Agent A2 @

m Agent A3 Cell v
Flex =2 Flex =2 |Flex =2

Delaved Agent Al Arrive at 10
Deadline at 12

]
TU Delft Issa Hanou Precomputing Multi-Agent Path Replanning Using Temporal Flexibility = Auqgust 16,2026 | 7



Mll].tl'Ag ent Pathflndlng @MAEDeR  Cellw

Constructing the SIPP graph FlexSIPP <7,7,1,1>
After A2
Cell w <0,041>
Before A2

m Agent A2

m Agent A3 Cell v
Flex =2 [Flex=2 |[Flex =2 |Flex =2

Delaved Agent Al Arrive at 10
Deadline at 12
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Problem definition
Mll].tl'Ag ent Pathflndlng @MAEDeR  Cellw

Constructing the SIPP graph FlexSIPP <7,7,11,1>
After A2
Cell w <0,041>
Before A2
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Agent A3 Cell v
Flex =2 |[Flex=2 |Flex =2 |Flex =2
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Problem definition
Mll].tl'Ag ent Pathflndlng @MAEDeR  Cellw

Constructing the SIPP graph FlexSIPP <7,7,11,1>
After A2
Cell w <0,0,4,1>
Flex = 2 Before A2
Agent A2
Agent A3 Cell v
Flex =2 |[Flex=2 |Flex =2 |Flex =2
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Problem definition
Mll].tl'Ag ent Pathflndlng @MAEDeR  Cellw

Constructing the SIPP graph FlexSIPP <7,7111>
After A2
Cell w <0,0,4,1>
Flex = 2 Before A2
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Agent A2
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Problem definition

Multi-Agent Pathfinding

Constructing the SIPP graph FlexSIPP

Cell w

Before A2

X =0
Agent A2
Agent A3
Flex =2 [Flex=2 |[Flex =2 |Flex =2

Deadline at 12
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Any-Start-Time Plan

Flex =2

Cell w
Flex

Flex =2

Flex =2

Flex =2

Flex =0

Flex =2

Flex =0

Flex =2

Flex=0

%
TUDelft

Delayed Agent A1

Issa Hanou

Precomputing Multi-Agent Path Replanning Using Temporal Flexibility = August 16,2026 | 8

Agent A2

Arrive at 10
Deadline at 12



Any-Start-Time Plan

Path Arrival Time Function

. for Al
Flex=2| Flex=2| Flex=0|Flex=0 |Flex=0
9
Cell w
Flex qé)
_ =
- = 6
2
<
Flex=2 |Flex=2 | Flex=2| Flex =2 A3
0
Delayed Agent A1 Agent A2 0 1 2 3 4 5 6 7 8
Arrive at 10 Departure Time
Deadline at 12 — Before A2 — Delay A2
Reroute After A2
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Any-Start-Time Plan

Tipping point 1s time-location pair where the agent order | | |
should change and the other agent should no longer be delayed Path Arrival Time Function

. for Al
Flex=2| Flex=2| Flex=0|Flex=0 |Flex=0
9
Cell w
Flex qé
=2 % -
2
<
3
Flex=2 |Flex=2 | Flex=2| Flex =2 A3
0
Delayed Agent A1 Agent A2 0 1 2 3 4 5 6 7 8
Arrive at 10 Departure Time
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Reroute After A2
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Problem defintor
Any-Start-Time Plan

Tipping point 1s time-location pair where the agent order | | |
should change and the other agent should no longer be delayed Path Arrival Time Function
Tipping point at (w,7) . for Al

Flex =2 Flex=2| Flex=0 |[Flex=0 |Flex=0

Cell w S ———

Flex
=2

Arrival Time
(@)

Flex =2 Flex=2 | Flex=2| Flex =2

Delayed Agent A1 Agent A2 o1 oo 45 o6 s

Arrive at 10 Departure Time
Deadline at 12 — Before A2 — Delay A2
Reroute After A2
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Experiments

 MovingAl Benchmark set
e Maze-128-128-1 with 20 and 50 agents
 Warehouse-20-40-10-2-1 with 50 agents
* Plans computed using PBS

» Introduce artificial flexibility to show etfectiveness

1. Compare overall delay @MAEDeR and FlexSIPP
2. Sequentially delay one random agent

]
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Experiment 1: Any-start-time plans

]
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Experiment 1: Any-start-time plans

Map k£ £
maze 20 O
3

5

8

50 O

3

S

3

50 O

ware 3
house 5
3
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Experiment 1: Any-start-time plans

Delay
F/M

93.4%
93.9%
93.8%
59.9%

91.8%
86.1%
93.0%
66.2%

100.0%
100.0%
98.1%

102.5%

Map £

maze 20

50

50

ware
house

O N WO| OO0 WUNUWO|I OO WL WO | H
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Experiment 1: Any-start-time plans

%
TUDelft

Delay Time (s)
Map £ £ F/M F M
maze 20 0 934% 0.96 0.55
3 93.9% 1.51 0.81
5 93.8% 1.06 0.57
8 59.9% 2.02 0.80
50 0 91.8% 274 1.51
3 86.1% 378 1.77
5 93.0% 3.31 1.92
8 66.2% 3.54 1.87
50 0 100.0% 3.56 3.26
ware 3 100.0% 4.89 4.13
house 5 98.1% 4.69 4.15
8 102.5% 3.20 2.52
Issa Hanou
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Experiment 1: Any-start-time plans

]
TUDelft

Issa Hanou
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Delay Time () Path Found

Map k£ £ F/M F M F M
maze 20 0 934% 096 0.55 66% 64%
3 939% 151 081 66% 60%

5 938% 1.06 057 73% 70%

8 599% 202 080 64% 57%

50 0 91.8% 274 151 68% 64%

3 86.1% 378 177 66% 61%

5 93.0% 331 192 57% 52%

8 662% 354 187 70% 61%

50 0 100.0% 3.56 326 70% 70%

ware 3 1000% 4.89 4.13 70% 70%
house 5 98.1% 4.69 4.15 53% 53%
8 102.5% 320 252 63% 63%



Experiment 2: Sequential Delays

2000 - Input Delay
—— Total Delay FlexSIPP
> 15001 —— Total Delay @ MAEDeR
[3
2 1000-
S
©
500 -
O_

1 3 5 7 9 11 13 15 17 19 21 23 25
o Delay Index
Maze, 50 agents, original plan

]
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Case Study

* Real-world timetables from July 2025

» Introduce new Eurostar train on
Schiphol-Leiden-Rotterdam trajectory

 (pre)computation time <5min

o
® Hilversum

= 300 km/h
= 200 km/h
160 km/h

freight only O Nii
4

| |
!O
/’I Den Bosch

Roosendaal CY )

-‘_\_/ / »

Eindhoven

(J
~N
@ e Maastricht./_‘

0 25 50 km

— 140 km/h
= 130 km/h
—— 120/125 km/h
— 100 km/h
- 80 km/h

electrified
--------- non-electrified

mmmm— t\WO OF Mmore tracks

single track

]
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Issa Hanou
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Case Study

* Real-world timetables from July 2025

Haarlem

e @O .‘,.

Leiden /

O
 Introduce new Eurostar train on

Schiphol-Leiden-Rotterdam trajectory

* (pre)computation time <5min Al E—r—

“
"
*

Train Location Delay Tipping point Den Has g :
——— 300 km/h
64 Leiden 00:00 03:59 — . S
32 Hoofddorp 02:07 05:00 " [— m;n
20 The Hague 01:39 01:16 oosendaa | —— 120/125 km/h
Delft 00:00  05:00 — /| — 100 km/h
51 The Hague 00:00 05:00 i .
16  Leiden  00:00 05:00 e T — romelectrified
11 Hoofddorp 03:42 04:58 © el = two or more tracks
70  Schiedam  00:00 05:00 S single track
18 Delft 00:00 05:00
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Conclusion

Use inherent flexibility in multi-agent plan to instantly recover safely from delay(s)

Future Work

* More extensive experiments with railway simulator to define tipping
points

» Apply to your multi-agent environment!

3
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Precomputing Multi-Agent Path Replanning
Using Temporal Flexibility

Issa Hanou, Eric Kemmeren, Devin Wild Thomas, Mathijs de Weerdt

* Use inherent temporal flexibility 1n plan to recover from single delay
* Compute any-start-time plan with flexibility and rerouting options

* Handle sequential delays and minimize the total delay

TU Delft &

Link to paper



