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Automated planning: Classical planning tasks

Definition (Adapted from [Ghallab et al., 2004])
A planning task is T = (s0,A, ϕg), where
• s0 is an initial state.
• A is a finite set of available actions. A induces a transition function ◦ : (s, α) 7→ s′

where s′ = s ◦ α is the state resulting from applying action α ∈ A in state s.
• ϕg is a goal formula.

A solution to a planning task (s0,A, ϕg) is a sequence of actions (a plan)
π = α1, . . . , αn from A such that s ◦ α1 ◦ · · · ◦ αn |= ϕg .
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· · ·
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State space of a task T :
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Propositional planning: Propositional states and action schemas

Action schema describing the Put(x, y) action for putting object x on top of object y:

Action : Put(x, y)
Precondition : On(x, z) ∧ · · ·
Effect : On(x, y) ∧ ¬On(x, z)

In STRIPS/PDDL

pre : On(x, z) ∧ · · ·

post :
On(x, y):=>
On(x, z):=⊥

In Dynamic Epistemic Logic (DEL)

On(6, 5)∧
On(5, 4)∧
On(4, table)

s0
On(6, table)∧
On(5, 4)∧
On(4, table)

On(6, table)∧
On(5, table)∧
On(4, table)

On(6, table)∧
On(5, 6)∧
On(4, table)

On(6, table)∧
On(5, 6)∧
On(4, 5)

s3 |= ϕg

· · ·

Put(6,table)

Put(5,table)

Put(5,6) Put(4,5)

Put(5,6)

· · ·

[Ghallab et al., 2004, Baltag et al., 1998, van Ditmarsch and Kooi, 2008] Thomas Bolander – p. 3/19



Link to movie (click the link):
http://www2.compute.dtu.dk/~tobo/children_cabinet_cropped.mov

[Warneken and Tomasello, 2006] Thomas Bolander – p. 4/19
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Epistemic states: (Multipointed) S5 Kripke models
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Epistemic states: Multi-pointed epistemic models of multi-agent S5. Nodes are worlds, edges
are indistinguishability relations.

Designated worlds: (those considered possible by modelling agent, b in this case).

s |= ¬Kbmiddle(5) ∧ ¬Kbmiddle(4) ∧Kb(Kgmiddle(5) ∨Kgmiddle(4))

Agent b to agent g: “Which letter does the middle block have?”
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Dynamic epistemic logic (DEL) by example: The product update operator ⊗

s0 = ¬locked
w1

locked
w2

i1, i2

i1, i2

i1, i2, i3 are agents

i1:open =
pre : ¬locked
post : open := >

e1success

pre : locked

post :

pre : ¬locked
post : open := >

e2failure

i2, i3

i2, i3

s0 ⊗ i1:open = locked

locked

w2e2
¬locked , open

¬locked , open

w1e1

i2

i2

⊗ is the transition function

i1:open is an event model (epistemic action) representing “agent i1 does open”.
Nodes are events. Each event has a precondition and postconditions for all atoms
(all of which are epistemic formulas).

Designated events of action i:α: (those considered possible by i, closed under i’s
indistinguishability relation).

[Baltag et al., 1998, van Ditmarsch and Kooi, 2008] Thomas Bolander – p. 6/19



Planning based on DEL: Epistemic planning tasks

Definition
An (epistemic) planning task T = (s0,A, ϕg) consists of
• Initial state s0: An epistemic state (a multipointed Kripke model).
• Actions A: Finite set of epistemic actions (multipointed event models).
• Goal formula ϕg : formula of epistemic logic.

Definition
A (sequential) solution to a planning task T = (s0,A, ϕg) is an action sequence (a
plan) i1:α1, i2:α2, . . . , in:αn ∈ A such that

s0 ⊗ (i1:α1)⊗ (i2:α2)⊗ · · · ⊗ (in:αn) |= ϕg.

Defining ([α])ϕ := 〈α〉> ∧ [α]ϕ, this can be reformulated as

s0 |= ([i1:α1])([i2:α2]) · · · ([in:αn])ϕg.

[Bolander and Andersen, 2011, Engesser et al., 2017, Bolander et al., 2020] Thomas Bolander – p. 7/19



Epistemic planning task example: Human-robot collaboration

In(cube, box1) In(cube, box2)
r, h

Epistemic state s0

⊗

=

pre : In(cube, box1)

post :

pre : ¬In(cube, box1)
post :

h

Epistemic action r:perceive(In(cube, box1))

Resulting state s0 ⊗ r:perceive(In(cube, box1))

In(cube, box1) In(cube, box2)
h

Goal formula:
ϕg =

∨
x is box KhIn(cube, x)
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Link to movie (click the link):
http://www2.compute.dtu.dk/~tobo/komdigital_pepper_video.mov

KomDigital: R2DTU – A Pepper robot, 25 November 2020 [?]

Thomas Bolander – p. 9/19
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Atom In(c1, c2): obj. c1 is in container c2.
Atom a^b (a sees b): agent a currently
observes the actions of agent b.
Action i:X : X is a list of assignments
(+p and −p where p is an atom).

[Bolander, 2018, Dissing and Bolander, 2020, Bolander et al., 2021] Thomas Bolander – p. 10/19



Detectors

Events

Agent
Sensors

Actuators

raw data
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Actions

Perception Layer:
deep neural networks
track objects, agents,
actions (subsymbolic)

Cognition Layer:
DEL + planning (symbolic)

[Dissing and Bolander, 2020] Thomas Bolander – p. 11/19



Implicit coordination: Coordinating actions without prior agreements, explicit
communication or fixed protocols

Illustration by ChatGPT 5.5 Thomas Bolander – p. 12/19



Implicit coordination

Definition
A plan i1:α1, . . . in:αn for an epistemic planning task (s0,A, ϕg) is called implicitly
coordinated if

s0 |= Ki1([i1:α1])Ki2([i2:α2]) · · ·Kin([in:αn])ϕg

Example
If the human (h) and the robot (r) shares the goal ϕg = Holding(h, cube), and the
robot finds the cube first, implicit coordination guarantees that it will tell the location
to the human.

Implicit coordination generalises to policies [Bolander et al., 2018].

[Engesser et al., 2017, Bolander et al., 2018] Thomas Bolander – p. 13/19



Link to movie (click the link):
http://www2.compute.dtu.dk/~tobo/scenario2_double.mp4

Multi-agent pathfinding with destination uncertainty (MAPF-DU) [Nebel et al., 2019, Bolander et al., 2021] Thomas Bolander – p. 14/19
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Link to movie (click the link):
http://www2.compute.dtu.dk/~tobo/blocks_world_back_and_forth.mov

Thomas Bolander – p. 15/19
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There’s a problem…
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The blue agent didn’t learn anything. Why not? Well, since the simple notion of implicit
coordination only assumes rationality in the future, not rationality in the past.
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Implicit coordination with forward induction

With the original approach to implicit coordination [Bolander et al., 2018], implicit
coordination didn’t guarantee successful executions! We added a notion of forward
induction, inspired by epistemic game theory [Battigalli, 1997], giving us:

Theorem (Bolander and Romero, in preparation)
Implicit coordination with forward induction guarantees succesful
coordination/executions. (Individual policies are coordinated: any execution of the
induced non-deterministic joint policy is guaranteed to terminate in a goal state.)

Theorem (Bolander and Romero, in preparation)
Standard goal recognition by filtering is subsumed by forward induction.

pre :

post : Ga(g1) := >
pre :

post : Ga(g2) := >
pre :

post : Ga(gn) := >c
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Computational complexity of epistemic planning

In automated planning, computational complexity is most often measured by the plan
existence problem: Given a planning task T = (s0,A, ϕg), does it have a solution?

Theorem [Bolander et al., 2020]

1. The plan existence problem for epistemic planning tasks is decidable when pre- and
post-conditions of actions are propositional.

2. It is undecidable already when either pre- or post-conditions are allowed to be
epistemic formulas of modal depth 1 (and the other conditions still being
propositional).

Open problem: Case of preconditions of modal depth 1 and no postconditions. Antonis
Achilleos put a paper draft on Arxiv in April 2026 claiming to prove undecidability.

Taming complexity: Depth-bounded epistemic planning [Bolander et al., 2025] restricts
agents’ reasoning depth to a fixed k (by k-bisimulation contractions).
Iterative-deepening algorithm is sound and complete (and practically efficient).

Thomas Bolander – p. 18/19



Other recent and current work in epistemic planning

• EPDDL: A PDDL-like representation language for epistemic
planning [Burigana and Fabiano, 2026].

• A new International Epistemic Planning Competition. First edition hosted at
ICAPS 2026. https://sites.google.com/view/epistemic-competition/

• DEL-based epistemic planning as presented here is model-theoretic (states are
semantic objects). Sentential approaches also exist (states are syntactic objects:
sets of formulas). For an overview, see the AIJ special issue on epistemic
planning [Belle et al., 2023].

• New research project: Attention in Epistemic Planning (AiEP), 2025-2029.
https://www2.compute.dtu.dk/~tobo/aiep_webpage.html

Thomas Bolander – p. 19/19
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