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Introduction

 Planning a course of action is a key requirement for an intelligent agent. 

 The right representations for actions and states and the right algorithms can 

make this easier.

 How an agent can take advantage of the structure of a problem to 

efficiently construct complex plans of action? (This lecture)

 General factored representation language for planning problems

 Efficient algorithms for planning and heuristics for them

 Extended representation language to allow for hierarchical actions, allowing us 

to tackle more complex problems

 Partially observable and nondeterministic domains, and we extend the 

language once again to cover scheduling problems with resource constraints

 Planners used in the real world, i.e. unknown environments.



Classical Planning

The blocks world: The task of finding a sequence of actions 

to accomplish a goal in a discrete, deterministic, static, fully 

observable environment.

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson
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Transportation Planning

Air cargo transportation planning problem
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Planning and Acting in Nondeterministic Domains

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson

 Replanning!

Four types of planning

 Sensorless planning

 Contingency planning

 Online planning

 Replanning
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9.1 Definition of Classical Planning
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9.1 Definition of Classical Planning (1/6)

Classical Planning

 Is defined as the task of finding a sequence of actions to accomplish a goal in a discrete, 

deterministic, static, fully observable environment.

 The problem-solving agent (Ch 3)

 Hybrid propositional logical agent (Ch 7).

 Limitations

 Both require ad hoc heuristics for each new domain.

 Both need to explicitly represent an exponentially large state space.

Factored Representation

PDDL (Planning Domain Definition Language) is a factored-representation language for 

planning that describes the initial and goal states as conjunctions of literals, and actions in 

terms of their preconditions and effects.

 A state is represented as a conjunction of ground atomic fluents.

 Ground: no variables. Fluent: aspect of the world that changes over time.
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9.1 Definition of Classical Planning (2/6)

 An action schema represents a family of ground actions.

 Consists of action name, list of variables used, a precondition, and an effect.

𝐴𝑐𝑡𝑖𝑜𝑛 𝐹𝑙𝑦 𝑝, 𝑓𝑟𝑜𝑚, 𝑡𝑜

PRECOND: 𝐴𝑡 𝑝, 𝑓𝑟𝑜𝑚 ∧ 𝑃𝑙𝑎𝑛𝑒 𝑝 ∧ 𝐴𝑖𝑟𝑝𝑜𝑟𝑡 𝑓𝑟𝑜𝑚 ∧ 𝐴𝑖𝑟𝑝𝑜𝑟𝑡 𝑡𝑜

EFFECT: ¬𝐴𝑡(𝑝, 𝑓𝑟𝑜𝑚) ∧ 𝐴𝑡(𝑝, 𝑡𝑜))

 We can choose constants to instantiate the variables, EFFECT yielding a ground 

(variable-free) action:

𝐴𝑐𝑡𝑖𝑜𝑛 𝐹𝑙𝑦 𝑃1, 𝑆𝐹𝑂, 𝐽𝐹𝐾

PRECOND: 𝐴𝑡 𝑃1, 𝑆𝐹𝑂 ∧ 𝑃𝑙𝑎𝑛𝑒 𝑃1 ∧ 𝐴𝑖𝑟𝑝𝑜𝑟𝑡 𝑆𝐹𝑂 ∧ 𝐴𝑖𝑟𝑝𝑜𝑟𝑡 𝐽𝐹𝐾

EFFECT: ¬𝐴𝑡(𝑃1, 𝑆𝐹𝑂) ∧ 𝐴𝑡(𝑃1, 𝐽𝐹𝐾))
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9.1 Definition of Classical Planning (3/6)

 A ground action 𝑎 is applicable in state 𝑠 if state entails the precondition of 𝑎.

 If every positive literal in the precondition is in 𝑠 and every negated literal is not.

 The result of executing applicable action 𝑎 in 𝑠 is defined as a state 𝑠′.

 Delete list: Removing the fluents that appear as negative literals in the action’s effects

 Add list: Adding the fluents that are positive literals in the action’s effects.

RESULT 𝑠, 𝑎 = 𝑠 − DEL 𝑎 U ADD 𝑎 .

 A specific problem within the domain is defined with an initial state and a goal

 The initial state: a conjunction of ground fluents

 The goal: a precondition, a conjunction of literals (positive or negative) that many contain 

variables 

e.g. 𝐴𝑡(𝐶1, 𝑆𝐹𝑂) ∧ ¬𝐴𝑡(𝐶2, 𝑆𝐹𝑂) ∧ 𝐴𝑡(𝑝, 𝑆𝐹𝑂) refers to any state in which cargo 𝐶1 is at 𝑆𝐹𝑂
but 𝐶2 is not, and in which there is a plane at 𝑆𝐹𝑂
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9.1 Definition of Classical Planning (4/6)

Example domain: Air cargo transport problem

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson

Action: 𝐿𝑜𝑎𝑑, 𝑈𝑛𝑙𝑜𝑎𝑑, 𝐹𝑙𝑦

Two predicates:

 𝐼𝑛(𝑐, 𝑝): 

cargo 𝑐 is inside plane 𝑝

 𝐴𝑡(𝑥, 𝑎): 

object 𝑥 is at airport 𝑎[𝐿𝑜𝑎𝑑 𝐶1, 𝑃1, 𝑆𝐹𝑂 , 𝐹𝑙𝑦 𝑃1, 𝑆𝐹𝑂, 𝐽𝐹𝐾 ,𝑈𝑛𝑙𝑜𝑎𝑑 𝐶1, 𝑃1, 𝐽𝐹𝐾 ,
𝐿𝑜𝑎𝑑 𝐶2, 𝑃2, 𝐽𝐹𝐾 , 𝐹𝑙𝑦 𝑃2, 𝐽𝐹𝐾, 𝑆𝐹𝑂 ,𝑈𝑛𝑙𝑜𝑎𝑑(𝐶2, 𝑃2, 𝑆𝐹𝑂)]
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9.1 Definition of Classical Planning (5/6)

Example domain: Spare tire problem

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson

[𝑅𝑒𝑚𝑜𝑣𝑒 𝐹𝑙𝑎𝑡, 𝐴𝑥𝑙𝑒 , 𝑅𝑒𝑚𝑜𝑣𝑒 𝑆𝑝𝑎𝑟𝑒, 𝑇𝑟𝑢𝑛𝑘 , 𝑃𝑢𝑡𝑂𝑛(𝑆𝑝𝑎𝑟𝑒, 𝐴𝑥𝑙𝑒)]
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9.1 Definition of Classical Planning (6/6)

Example domain: Blocks-world problem

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson



9.2 Algorithms for Classical  

Planning
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9.2 Algorithms for Classical Planning (1/2)

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson

Forward (progression) state-space search for planning

 Forward (progression) search through the space of ground states

 Starting in the initial state and using the problem’s actions to search forward for a member 

of the set of goal states



17 / 35

9.2 Algorithms for Classical Planning (2/2)

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson

Backward (regression) search for planning

 Backward (regression) search through state descriptions

 Starting at the goal and using the inverse of actions to search backward for the initial state



9.4 Hierarchical Planning
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9.4 Hierarchical Planning (1/3)

High-level actions

 Embody knowledge and how to do things.

 Hierarchical task networks (HTN 

planning)

 Basis formulation of hierarchical 

decomposition.

 Assume primitive actions: Fully 

observable and determinable set of 

actions.

 Each contains possible refinements into a 

sequence of actions.

 May be recursive.

 High-level actions: contains only

primitive actions.

 Low-level actions: requires more 

precise steps.

𝐺𝑜(𝐻𝑜𝑚𝑒, 𝑆𝐹𝑂): Go to San Francisco airport.

1. To get to the airport drive or take a shuttle.

2. Other actions are not to be considered.
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9.4 Hierarchical Planning (2/3)

High-level actions

 An implementation: An HLA 

refinement that contains only 

primitive actions

 [𝑅𝑖𝑔ℎ𝑡, 𝑅𝑖𝑔ℎ𝑡, 𝐷𝑜𝑤𝑛] and 

[𝐷𝑜𝑤𝑛, 𝑅𝑖𝑔ℎ𝑡, 𝑅𝑖𝑔ℎ𝑡] both 

implement the HLA 

𝑁𝑎𝑣𝑖𝑔𝑎𝑡𝑒( 1,3 , [3,2])

 A high-level plan achieves goal 

from given state if at least one 

of its implementation achieves 

the goal from that state

𝐺

3

1

2

1 2 3
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9.4 Hierarchical Planning (3/3)

Searching for primitive solutions

 Repeatedly choose an HLA in the current plan and replace it with one of its refinements, until the 

plan achieves the goal. 

bread-first tree search



9.5 Planning and Acting in 

Nondeterministic Domains
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9.5 Planning and Acting in Nondeterministic Domains (1/4)

In this section we extend planning to handle partially observable, nondeterministic, and 

unknown environments. 

 Using factored representations rather than atomic representations

Sensorless planning (conformant planning)

 Environments with no observations

Contingency planning

 Partially observable 

 Nondeterministic environment

Online planning

 Unknown environment



9.5 Planning and Acting in Nondeterministic Domains (2/4)

Action(RemoveLid(can), 

PRECOND: Can(can)

EFFECT: Open(can))

Action(Paint(x, can), 

PRECOND: Object(x) ∧ Can(can) ∧ Color(can, c) ∧ Open(can)

EFFECT: Color(x, c))

Percept(Color(x, c)), 

PRECOND: Object(x) ∧ Inview(x)

Percept(Color(can, c)), 

PRECOND: Can(can) ∧ Inview(can) ∧ Open(can)

← Percept schema

Init(Object(Table) ∧ Object(Chair) ∧ Can(C1) ∧ Can(C2) ∧ InView(Table))

Goal(Color(Chair, c) ∧ Color(Table, c))

Object

Can

InView

Color
← Action schema

 RemoveLid

 Paint

Example: Painting Problem
Given a chair and a table, the goal is to have them match—have the same color. 

 Color



9.5 Planning and Acting in Nondeterministic Domains (3/4)

Contingent Planning

Partially observable environment

Generation of plans with conditional branching based on percepts



9.5 Planning and Acting in Nondeterministic Domains (4/4)

Online Planning
 Robot does not “know what it is doing”. (unknown 

environment)

 The robot is purposive, i.e., does need to know 

what it is trying to do.

 Replanning may be needed if the agent’s model of 

the world is incorrect, i.e. the model may have a 
• Missing preconditions

• Missing effects

• Missing fluents (state variables)

• Lacking provision for exogenous events

 Online agent has three different choices for 

monitoring environment before execution.
• Action monitoring: Verifies that all the preconditions still 

hold

• Plan monitoring: Verifies that the remaining plan will still 

succeed

• Goal monitoring: Checks to see if there is a better set of 

goals.



9.6 Time, Schedules, and Resources
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9.6 Time, Schedules, and Resources (1/5)

Scheduling

 Classical planning talks about what to do, in what order, but does not talk about time: 

how long an action takes and when it occurs. This is scheduling.

 The real world also imposes resource constraints.

 “Plan first, schedule later”

 Divide the overall problem into a planning phase in which actions are selected.

 Then in scheduling phase, temporal information is added to the plan to ensure 

that it meets resource and deadline constraints.

Representing temporal and resource constraints

 Typical job-shop scheduling problem:

 A set of jobs, each with a collection of actions with ordering constraints.

 Each action has a duration and a set of resource constraints.

 i.e. type of resources, number of resources required, consumable or reusable

resources.
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9.6 Time, Schedules, and Resources (2/5)

Solving scheduling problems

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson
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9.6 Time, Schedules, and Resources (3/5)

Solving scheduling problems

 Critical Path Method (CPM)

 Graph representing a partial-order plan.

 Linearly ordered sequence of actions with start and finish.

 Critical path: path with longest total duration.

<출처> Stuart J. Russell and Peter Norvig (2021). Artificial Intelligence: A Modern Approach (4th Edition). Pearson
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9.6 Time, Schedules, and Resources (4/5)

Solving scheduling problems
Top

 A representation of the temporal constraints 

for the job-shop scheduling problem

 We compute the earliest and latest start 

times as [𝐸𝑆, 𝐿𝑆] (slack of an action)

Bottom

 Blue rectangles represent time intervals

during which an action may be executed, 

provided that the ordering constraints are 

respected. 

 The unoccupied portion of a blue rectangle 

indicates the slack
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9.6 Time, Schedules, and Resources (5/5)

Solving scheduling problems: A solution

 The left-hand margin lists the three reusable resources, and actions are shown 

aligned horizontally with the resources they use. 

 There are two possible schedules, depending on which assembly uses the engine 

hoist first; 

 We’ve shown the shortest-duration solution, which takes 115 minutes.
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Summary

1. Planning systems are problem-solving algorithms that operate on explicit factored representations of states 

and actions.

2. PDDL, the Planning Domain Definition Language, describes the initial and goal states as conjunctions of 

literals, and actions in terms of their preconditions and effects.

3. State-space search can operate in the forward direction (progression) or the backward direction (regression).

4. Hierarchical task network (HTN) planning allows the agent to take advice in the form of high-level actions

(HLAs).

5. Contingent plans allow the agent to sense the world during execution to decide what branch of the plan to 

follow.

6. Sensorless planning can be used to construct a plan that works without the need for perception.

7. Online planning agent uses execution monitoring and splices in repairs as needed to recover from 

unexpected situations.

8. Many actions consume resources, such as money, gas, or raw materials. It is convenient to treat these 

resources as numeric measures in a pool rather than try to reason about, say, each individual coin and bill in 

the world. 

9. Time is one of the most important resources. It can be handled by specialized scheduling algorithms, or 

scheduling can be integrated with planning


