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Classical Planning: Limits
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Spacecraft Domain



Extensions

• Time
• Resources
• Constraints
• Uncertainty
• Utility
• …



Model



Temporal Interval Relations

James F. Allen, "Maintaining 
knowledge about temporal 
intervals 1983



Time Points vs Intervals

• Sentences:
– We found the letter at twelve noon 
– We found the letter yesterday
– We found the letter while John was away 
– We found the letter after we made the decision

James F. Allen, "Maintaining 
knowledge about temporal 
intervals 1983



Temporal Operators
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Temporal Operators



Temporal Planning Problem



Consistent Complete Plan



CBI-Planning



Initial Plan



Expansion



Expansion



Coalescing



Coalescing



Expansion



Coalescing



CBI-Algorithm



CBI-Planners



CBI vs POP

• CBI is similar to POP because least
commitment and partial order

• But, temporal constraints in CBI …
• Contraints Temporal Network associated with

a plan
• Constraint propagation



Planning & Scheduling

Mixed-Initiative Model

Waterfall Model

Plan Schedule

Planner

Scheduler

Planner

Scheduler
Schedule

Plan



Temporal Constraints



HSTS:
Integrating Planning and Scheduling

• HSTS (Heuristic Scheduling Testbed System):
– representation and problem solving framework that provides an 

integrated view of planning and scheduling.
– Leaving as much temporal flexibility as possible during the planning 

and scheduling process
– planner and scheduler for short term scheduling of the Hubble Space 

Telescope
The pointing subsystem is responsible for 
orienting HST toward a target and locking 
it at the center of the field of view of the 
instrument. 

6 scientific instruments, but power
does not allow all of them to be 
operational simultaneously. Moving an 
instrument between operation and 
quiescence requires complex 
reconfiguration sequences

HSTS: Integrating Planning and 
Scheduling, Nicola Muscettola
CMU-RI-TR-93-05
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DS1: Remote Agent



Remote Agent Experiment: RAX



RAX Example: DS1



Temporal Constraints as Inequalities



Metric Constraints



Temporal Constraint Networks



Temporal Constraint Satisfaction
Problem



Simple Temporal Networks



Simple Temporal Networks



TCSP Queries
(Dechter, Meiri, Pearl, AIJ91)

• Is the TCSP consistent?
• What are the feasible times for each Xi?
• What are the feasible durations between 

each Xi and Xj?
• What is a consistent set of times?
• What are the earliest possible times?
• What are the latest possible times?



TCSP Queries
(Dechter, Meiri, Pearl, AIJ91)

• Is the TCSP consistent? Planning
• What are the feasible times for each Xi?
• What are the feasible durations between each Xi and 

Xj?
• What is a consistent set of times?
• What are the earliest possible times? Execution
• What are the latest possible times?



STN example

Start End



To Query STN Map to
Distance Graph Gd = < V,Ed >
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Edge encodes an upper bound on distance to target from source.



Induced Constraints for Gd

• Path constraint: i0 =i, i1 = . . ., ik = j

→Intersected path constraints:

where dij is the shortest path from i to j 

X j  Xi  ai j1 ,i j
j1

k



X j  Xi  dij



Compute Intersected Paths
by All Pairs Shortest Path

(e.g., Floyd-Warshall’s algorithm )

1. for i := 1 to n do dii 0;
2. for i, j := 1 to n do dij aij;

3. for k := 1 to n do
4.   for i, j := 1 to n do
5.     dij min{dij, dik + dkj};

i
k

j
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Shortest Paths of Gd
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STN Minimum Network
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Test Consistency: 
No Negative Cycles
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Latest Solution
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Node 0 is the reference.



Earliest Solution
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Feasible Values
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d-graph

• X1 in [10, 20]

• X2 in [40, 50]

• X3 in [20, 30]

• X4 in [60, 70]



A Complete CBI-Plan is a STN



A Complete CBI-Plan is a STN



Remote Agent



Remote Agent



Remote Agent

• Mission Manager



Remote Agent

• Constraints:



Remote Agent

• Planner starts



Remote Agent

• Planning



Remote Agent

• Final Plan



Remote Agent

• Constraints



Remote Agent

• Flexible Temporal Plan through least
commitment



Remote Agent
• Planning

– Temporal + POP



Remote Agent

• Planning to plan



Remote Agent
• Periodic planning and replanning



RAX: Remote Agent

• Executive system dispatch tasks



Remote Agent

• The Plan Executor has two duties:
– Select and Schedule activities for execution
– Update the network (constraint propagation) after the 

action execution or execution step (latency)

• Executor Cycle:
– Activity Graph (STN) from Planner
– Propagate with latency
– Enabled time points = scheduled parents (fixed time

points)
– Select and Schedule enabled time points
– Propagate constraint network given the new binds



Remote Agent
• Executing Flexible Plans



Remote Agent

• Constraint propagation can be costly



Remote Agent

• Constraint propagation can be costly



Remote Agent

• Solution: compile temporal constraints to an
efficient network



Remote Agent

• Dispatchability
– Alcuni vincoli non 

visibili a tempo di 
esecuzione;

– Occorre rendere la 
rete dispatchable aggiungendo vincoli impliciti (e.g. D 
prima di B)

– Compilare la rete in 
forma dispatchable:
• Introdotti vincoli 

impliciti
• Tolti vincoli ridondanti



Dispatchability



Dispatcher



Dispatcher



Dispatchability



Dispatchability



Dispatchability

All pair graph

Filtered graph



Controllability

• Alcune attività non sono controllabili, ma solo 
osservabili

• E.g. after start_turn, end_turn ? Quando 
finisce?

• Il grafo delle attività STN contiene time point
controllabili e non controllabili

• Le attività non controllabili non possono 
essere schedulate, ma solo osservate

• Propagazione? 



Controllability



Controllability
• Gestire eventi non controllabili
• Es. Se B schedulato 

prima di X, B 
vincola X 

– Soluzione Dinamica: 
B dopo X 

– Soluzione Forte:
B a 99



Controllability

• Weak Controllability: per ogni evento 
incontrollabile esiste uno scheduling che 
permette l’esecuzione;

• Strong Controllability: esiste uno scheduling
robusto qualunque siano gli eventi non 
controllabili;

• Dynamic Controllability: per ogni evento 
incontrollabile passato esiste uno scheduling
che permette l’esecuzione.



Controllability



IDEA Architecture
• Evoluzione del RA: reactive and deliberative 

planning

EUROPA Planner: 
https://github.com/nasa/europa



IDEA Architecture

• Muti-agent architecture:



IDEA Architecture
• Reactive planning come controllo
• Interazione deliberative and reactive planning



Functional Layer

• GenoM (LAAS)



PRS Controller
• A procedural controller (vedi dopo …)



IDEA Architecture

• Attività pianificate e schedulate (plan database):



IDEA Architecture
• Reactive Planning



IDEA Architecture
• Reactive and Deliberative planning



Task Planners
• Classical planner

– FF
• https://fai.cs.uni-saarland.de/hoffmann/ff.html

• Hierarchical Planner
– SHOP:

• https://www.cs.umd.edu/projects/shop/
– PANDA: 

• https://www.uniulm.de/en/in/ki/research/software/panda/
• Temporal Planner

– EUROPA
• https://github.com/nasa/europa

– OPTIC
• https://github.com/nasa/europa

• Collectors
– ROSPLAN

• https://kcl-planning.github.io/ROSPlan/documentation/



Planning Problems

• Path and Motion planning
– Map/Configuration space

• Methods: A*, PRM, RRT, etc.
• Solution: path/trajectory

• Decision Theory Planning
– Markovian Models

• Methods: MDPs, POMDPs solvers 
(e.g., Dynamic Programming) 

• Solution: Policy

• Task Planning (and Scheduling)
– Planning Domains (symbolic representations)

• Methods: Classical Planning, POP, HTNs, Temporal Planning, etc.
• Solutions: sequence of actions, partial order plans, flexible plans, etc.  

• Reinforcement Learning
– Markovian Models

• Methods: SARSA, Qlearning, etc.
• Solution: Policy


