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• The PAMp example, “Automated Planning and Acting”, Chap 6,  page 326
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In some cases nondeterminism is a must!

• The PAMp example, “Automated Planning and Acting”, Chap 6,  page 326

• Location can be busy, an exogenous event that is modeled with switch(loc)

• State space = 1.6 * 10^12 (in the case of 10 containers per location)
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In some cases nondeterminism is a must!

• Different types of containers

• Sensing action perceive(container) lets the robot know the type

• There is no clear “nominal case”



In some cases nondeterminism is a must!
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Nondeterminism in acting is a must!

In some cases nondeterminism is a must!
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Nondeterministic models



RAE method for opening a door: pull, push, or slide?
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Nondeterministic Models

open

open

open

grasped
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Nondeterministic Models: Planning Domain
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Plans: Sequential Plans?
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Planning Problems

Initial State Goal States
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Planning Problems and Solutions

Initial State
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The Planning Problem: Solutions
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The Planning Problem: Solutions
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And/Or Graphs

Or branch

Or branch

And branch And branch And branch
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And/Or Graphs: Finding (Unsafe) Solutions

Decide which state
to plan for



33

And/Or Graphs: Finding Safe Solutions

Check whether π contains any cycles that can’t be escaped 
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And/Or Graphs: Finding Safe Acyclic Solutions

Check whether π contains any cycles
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• And/Or Graph Search

• Symbolic Model Checking

• Determinization 

Some Planning Techniques
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Safe Acyclic Solutions

Planning via Symbolic Model Checking

Goala

b

Init
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Planning via Symbolic Model Checking

Simple propositional formulas can represent very large sets of states

Quantified Boolean Formulas can represent transitions

BDD representation and manipulation of propositional formulas 
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• And/Or Graph Search

• Symbolic Model Checking

• Determinization

Some Planning Techniques
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Determinization



x

• Motivation:
• Much easier to find solutions if they don’t have to be safe
• Find-safe-solutions needs plans for all possible outcomes
• Find-solution only needs a plan for one of them

• Idea:
• Loop

• Find a solution π
• Look at each leaf node of π

• If the leaf node isn’t a goal, find a solution
and incorporate it into π
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Determinization

• A possible (efficient) implementation:
• Transform the nondeterministic domain into a deterministic one
• If 𝑎𝑎 has 𝑛𝑛 outcomes, replace 𝑎𝑎 with 𝑎𝑎1, …, 𝑎𝑎𝑛𝑛 deterministic actions
• Find-solution replaced with an efficient classical planner …
• The planner returns a sequential plan …
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• A possible (efficient) implementation:
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Determinization

• A possible (efficient) implementation:
• Transform the nondeterministic domain into a deterministic one
• If a has n possible outcomes, replace a with a1, …, an deterministic actions
• Find-solution replaced with an efficient classical planner …
• The planner returns a sequential plan …

• NDP by determinization:
• Loop

• Find a sequential plan p
• Look at each state induced by p

• find a classical plan for each
outcome of the action a

b

c1

d1

f

g

h1c2

d2

h2
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On-line Approaches

• Motivation:
• Planning models are just approximations
• Sensing is required to adapt to a changing environment
• Need for dealing with large state spaces

• Idea:
• Interleave planning and acting
• find a partial policy (the next few “good” actions), perform all or some 

of them, and repeat these two steps from the state that has been 
actually reached.
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On-line Approaches

• Selection of “good” actions: Lookahead
• by estimations of distances from the goal (e.g., heuristic search)
• by learning step by step after each application better estimates
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On-line Approaches

• Lookahead: two dimensions

• bound: number of steps to lookahead (or time to lookahead)

• extreme case: reactive planner where bound = 1

• limited nondeterminism: select just some of the outcomes

• extreme case: determinization (just 1 outcome)
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On-line Approaches

Σd is the determinization of Σ
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On-line Approaches
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On-line Approaches

• Critical issue: Dead ends

• Possibility of getting stuck during acting

• Completeness only in “safely explorable” domains
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On-line Approaches
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ECAI 1992: Invited Talk by Oliviero Stock
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Acting by interactions!

How can I open you?

I am a sliding door

Please provide me with 
your opening instructions

Door: opening module

…
.
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Acting is interaction!



Acting with I/O Automata: Motivations

• Acting is a closed loop with a stream of inputs and outputs

• Interactions can be modeled with I/O automata 

• Need to control I/O automata (by means of Control Automata) 

• Hand specified Control Automata ≈ RAE with interaction

• Control Automata can be synthesized by planning with 

nondeterministic models
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I/O Automata
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I/O Automata
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Inputs can model nondeterminism 
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Acting with I/O Automata: Motivations
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Control Automaton

Control Automata

Automaton to be controlled
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Control Automata

Automaton to be controlled

Control Automaton
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We can synthesize control automata by planning

• Transform I/O automaton into a nondeterministic planning domain

• Planning with nondeterministic models can synthesize control automata 

• We can use and/or graph search, symbolic model checking, determinization
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Automaton to be controlled Nondeterministic planning domain



We can synthesize control automata by planning

• Transform I/O automaton into a nondeterministic planning domain

• Planning with nondeterministic models can synthesize control automata 

• We can use and/or graph search, symbolic model checking, determinization
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Automaton to be controlled policy
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RAE method for opening a door: pull, push, or slide?
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Flat (!) Nondeterministic Models



Refinement methods: Hierarchical I/O Automata

HIOA
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Refinement methods: example

71



Refinement methods

t1

m1 mn

t11 t1k

m1k1 m1kj

t1k11 t1k1l

Hierarchical Lookahead by refinement
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Conclusions

• Nondeterminism can be a design choice

• In some cases nondeterminism is a must!

• Nondeterminism in Acting is a must!

• Deliberation by planning with nondeterminism

• Interleaving planning and acting sometimes is a must!

• Acting is a closed loop with a stream of inputs and outputs

• Deliberative Acting with l/O automata
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