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06:00 Munich 10:00ICE 1

11:30 Hamburg 15:30IC 43

13:00 Hamburg 15:00ICE 4

Zeit Time Ziel Destination Ankunft Arrival

+++This train is delayed for 30 minutes+++15:3013:30
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[Deutsche Bahn, May 2025]

Punctuality – Long-Distance Trains

Delay April 2024 April 2025
≤ 6min 64.3 61.9
≤ 15min 70.2 67.0
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete2 - 10

Introduction and Motivation

Cologne

Munich

Berlin
Hamburg

Berlin

How can we incorperate
delays?

6:00 4h

13:30V . . . Vertices
E . . . Temoral edges
u . . . Tail vertex
v . . . Head vertex
t . . . Time label
λ . . . Traversal time Frankfurt 11:00 3h

16:00 3h

19:00 1h

14:00 5h

10:30 3h

11:30 4h

36.5% of long-distance
trains were delayed in
August

Abfahrt Departure / Départ
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete3 - 3

Related Work

Delay-Robust Route

Delay-Robust Connection

Robust Connection Game

∃ route ∀ delays

∀ delays ∃ route
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete4 - 2

Problem Definition

14:00 5h

Setup:
Temporal graph G = (V,E)

e = (u, v, t, λ) ∈ E
Start vertex s ∈ V
Goal vertex z ∈ V

Munich

Hamburg

Berlin

Frankfurt

10:30 3h

6:00 4h

11:00 3h

16:00 3h

19:00 1h

HamburgBerlin
11:30 4h

u v

t

11:30 4h
u v

t

λ

13:00 2h

15:00 4hCologne

11:30 4h
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete4 - 19

Problem Definition

Total delay budget x
Delay time δ

14:00 5h

Setup:
Temporal graph G = (V,E)

e = (u, v, t, λ) ∈ E
Start vertex s ∈ V
Goal vertex z ∈ V

x = 3

Munich

Hamburg

Berlin

Frankfurt

10:30 3h

δ = 1

14:00

6:00 4h

11:00

15:00

11:00 3h

16:00 3h

19:00 1h

13:00 2h

15:00 4hTotal delay budget x
Delay time δ

Robust Connection Game
Adversary announces delays on
upcoming outgoing arcs
Traveler picks arc

⇒ Does the Traveler have a winning
strategy?

Cologne

7:00

11:30 4h
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete6 - 11

PSPACE-Membership of Robust Connection Game

Traveler

Adversary

Traveler

Dynamic programming
Game state (v, t,D)

Current vertex v
Current time t
Set of delayed edges D

Adversary

O(m)

(s, 0, ∅)
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete8 - 4

PSPACE-Hardness of Robust Connection Game

φ = C1 ∧ C2 ∧ . . . Cm

QBF-Game
Input: a QBF ϕ = Q1x1Q2x2 . . . Qnxnφ with Qi ∈ {∃,∀}
Game: 2-players (∃- and ∀-player), ∃-player wins if φ is satisfied
Question: Does the ∃-player have a winning strategy?
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete9 - 3

Existential Variable Gadget

si+1

Q1x1 = ∃xi

si

si+1
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete9 - 8

Existential Variable Gadget

si+1

Q1x1 = ∃xi

si

si+1
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete9 - 10

Existential Variable Gadget

Q1x1 = ∃xi

si

si+1

m times
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete9 - 17

Existential Variable Gadget

Q1x1 = ∃xi

si

si+1

tc1

tc2

tcm−1

tcm

tc1

tc2

tcm−1

tcm
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete9 - 19

Existential Variable Gadget

Q1x1 = ∃xi

si

si+1

tc1
tc1+1

tc2+1

tcm−1
+1

tcm+1

tc1+1

tc2+1

tcm−1
+1

tcm+1

tc2

tcm−1

tcm

tc1

tc2

tcm−1

tcm
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(x1 ∨ ¬x2 ∨ x3))
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Thomas Depian, Christoph Kern, Sebastian Röder, Soeren Terziadis, Markus Wallinger · Network Navigation with Online Delays is PSPACE-complete11 - 8

Clause Gadget

ϕ =∃x1∀x2∃x3

((x1 ∨ ¬x2 ∨ ¬x3)∧
(¬x1 ∨ x2 ∨ x3)∧
(x1 ∨ ¬x2 ∨ x3))

+1

+1

+1

+1

+1

+1

+1

+1

+1

c1

+1

+1

no budget left
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✓
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Summary

Abfahrt Departure / Départ
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is PSPACE-complete

Theorem

PSPACE-membershipLemma

PSPACE-hardnessLemma

Zeit Time Ziel Destination Ankunft Arrival

✓

✓

✓

Tractability
Heuristics

Robustness of network
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