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PlanningProblems

De�nitions andTerminologies

I Givena world (or domain), �nd a sequenceof actions(or
plan) that achievesa goal state starting from an initial state.

I A planningmethod (or planner) shouldwork with any domain.

BlocksWorld Example

I Blocks arrangedin stackson a table are to be re-stacked.
I Allowed actionsare Pick, Drop, Stack, Unstack.
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PlanningDomainDe�nition Language(PDDL)

A Domain

(domain blocksworld)
(:action pick :parameters (?b)

:precondition (and
(top-clear ?b)
(on-table ?b)
(arm-free)

)
:effect (and

(not (top-clear ?b))
(not (on-table ?b))
(not (arm-free))
(arm-holding ?b)

)
)
(:action drop :parameters (?b)
)
(:action unstack :parameters (?ab ?bb)
)
(:action stack :parameters (?ab ?bb)
)

A Problem& Its Plan

(problem blocksworld-3)
(:init

(arm-free)
(on-table red)
(on blue red)
(on green blue)
(top-clear green)

)
(:goal

(arm-free)
(on-table blue)
(on green blue)
(on red green)
(top-clear red)

)
(plan blocksworld-3)

(unstack green) (drop green)
(unstack blue) (drop blue)
(pick green) (stack green blue)
(pick red) (stack red green)
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Learning for Planning
How to obtain fasterplanning,givena planneranda domain?

I Improve the plannerby tackling its drawbacks
I Get a domainencoding that suits the planner
I Acquireknowledgeand exploit during planning

What means?

I Control rules/policies
I Macro-actionsor Macros
I Pattern databases

What Macro-Actions?

I How to represent?
I How to acquire?
I How to exploit?

How to acquire macros for a given planner-domain pair?
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Macro-Actionsor Macros

BroaderPerspective

I Collectionsor sequencesof actionsor macro-actions
I Like compound statementsor proceduresin programming
I Usefulfor conceptualisationand performanceimprovement

PlanningPerspective

I Not a formally acceptedconceptin the planninglang. PDDL
I Plannersare not aware of or reasonabout macro-actions
I Only standard way to reason:macrosin disguiseof actions
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Macros:Signi�cancein Planning

Subplansthat are

I Frequentlyused
I Di�cult to �nd
I Troubleavoiding
I Troublerecovering

On the search space

I Extendedvisibility of search space.

+ Fewer intermediatestatesvisited.
I Additional search neighbourhood.

{ More branchesat search nodes.

BlocksDomainExample
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ExistingWork

Existingmethods: characteristicoriented
Characteristic Planner/Domain Solution
Plateauescapingsequence Fast Forward MARVIN
Valley travelling sequence A heu. planner MACLEARN
Causallylinked macro Fast Forward Macro-FF
Symmetry, almost symmetry Briefcase,etc. MARVIN
Component abstraction Rover,etc. Macro-FF
Operator decomposability 8 Puzzle,etc. Korf 's MPS

Existingmethods: Non-optimalsuggestions

I Everysubsequencefrom givenplansas macros(STRIPS)
I A completemacro-setto eliminatesearch totally (MPS)
I Only a small number (2) of top macros(all other)
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Research Objectives

Existingmethods: work with certaintypesof planners/domains

I Work only whencertain planner/domaincharacteristicsexist
I Learn only macrosthat are found in a givengenerationsource
I Suggesta non-optimalmacro-collectionfor future reuse

Further e�ort requiredfor more generalisatione.g. when

I Don't care/know about any planner/domaincharacteristics
I Only care for improving performanceof a planner-domainpair
I Want macrosthat are found in a givensourceand that are not
I Want macro-setsthat optimiseaggregateperformance
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MacroSpaceExploration

Macrospaceandexploration strategies

ObservableMacros

CoherentMacros

IncoherentMacros
Macro Collections

Evolution

Optimisation

Exploration

GeneticAlgorithms

Macrosare collectionsof actionsappliedtogether

I Coherentmacroshaveapplicableaction-orderings.
I Observablemacrosare found in a givengenerationsource.
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Entire MacroSpace?

Why non-observableand incoherentmacros?

I Givenexamplesdo not always coverimportant features.
I Plannersoften prune many usefulchoiceshastily.
I Inconherentmacrosare applicablein relaxedplans.
I Incoherentmacrosa�ect node evaluationand divert search.

Examplepatternsin Gripper-FFandmacrosfor Blocks-FF
pick1-pick2 Was observable Was Non-observable Incoherent
moveAB (drop ?b5)
drop1-drop2 (unstack ?b5 ?b0) (unstack ?b5 ?b0) (unstack ?b5 ?b0)
moveBA (stack ?b5 ?b2) (stack ?b5 ?b2) (stack ?b5 ?b2)
pick1 (pick ?b0) (pick ?b0) (pick ?b0)
moveAB (stack ?b0 ?b5) (stack ?b0 ?b5)
drop1
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Scope of Wizard Representation Acquisition Exploitation

Macrorepresentationandexploitation:useexistingsupport

I PDDL doesnot support macrosand plannersare not aware of.
I We compilemacrosinto actionsin STRIPSand FLUENTS.

Macroacquisition:mainobjective

I Generalisedmacro-learning for arbitrary plannersand domains
I Arbitrarinessis in structural properties, not just PDDL levels
I Both observableand non-observablemacrosusingplans
I Optimal macro-sets;macrosmay interact amongthemselves
I Improving performancemakingno modi�cation to a planner
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SystemArchitecture

Problems Planner Domain Problems

SuggestedMacros/Macro-Sets

Collector

ExamplePlans

Evolving Generator Observing

Macros/Macro-Sets

Rewarding Evaluator Experiencing

BestMacros/Macro-Sets
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Search Algorithm: individualsare macrosandmacro-sets
Similar to a geneticalgorithm or a multi-point search

1. Generatean initial population and evaluateindividuals.

2. For a number of epochsbut while o�spring generationis possible

2.1 Generatean o�spring population and evaluateindividuals.
2.2 Replaceinferior parents by superior o�spring if any.
2.3 Stop if replacementlevel is unsatisfactory.

3. Suggestbest individuals.

Dissimilarities to a geneticalgorithm

I Individualsare neitherbit-strings nor of equallength.
I Individualsdo not encode systemcharacteristicsexplicitly.
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Macro/Macro-SetRepresentation

Compositeforms: usedfor manipulation
(:macro

(move ?ra ?rb)
(pick ?b ?rb ?g)
(move ?rb ?ra)

)

(:macro-set
macro-1
macro-2
macro-3

)

Compiledform: usedby currentplanners
(:action move-pick-move

:parameters (?ra ?rb - room ?b - ball ?g - gripper)
:precondition (and

(at-robby ?ra)(at ?b ?rb)(free ?g)
)
:e�ect (and

(carry ?b ?g)(not (at ?b ?rb))(not (free ?g))
)

)
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ExampleProblems

SelectionCriteria

Knowledgeshouldbe acquiredfrom simplersituations,
reinforced in complexbut manageablesituations, and
appliedin yet more complexand evenunmanageable
situations.

ProblemSize: in solutiontime within resourcelimits

I For generation,smallerand solvable;to build up a plan library
I For evaluation,small and solvable;solvedfor everymacro
I For demonstration,large and may be unsolvable
I Larger problemsget more weight wheneverpossible
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ObservableMacroGeneration

Macrosoccuringin plansonly

I Plansare footprints of the planneron the domainlandscape.
I Plansre
ect successfulchoicesmadeduring search.

Operators

Plan . . . A B C D E F G . . . I J K L M . . .

Macro B C D E F

Extend A B C D E F B C D E F G

Shrink C D E F B C D E

Split B C D E F B C D E F

Lift J K L
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Non-ObservableMacroGeneration

Constituentactionsfrom plans

I Plansinherentlybear propertiesesp. that lead to the solution.
I Multiplicit y of object relationshipsis one important property.

Operators

Macros B C D E F I J K L

Insert B C P D E F Delete I J L

Alter B C D M F I N K L

Join B C D E F I J K L

Crossover B C K L I J D E F

Assemble W G L A
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Macro-SetGeneration

Operands

I Individualmacrosare explored in the �rst run
I Combinationsof macrosare explored in the secondrun

Operators

Bunches N P Q Q R S T

Add M M N P Q M Q R S T

Delete Q N P R S T

CrossoverQ N S T P Q R

Split N P P Q Q R S S T

Merge N P Q R S T Accumulate J K L
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Macro/Macro-SetEvaluation

EvaluationCriteria

For a good macro/macro-set,most problems(Cover)
shouldbe solvedtaking lesstime (Score) in most cases
(Point) with its augmenteddomain(compared to the
original domain).

Utility Formula

I Cover= % problemssolved
I Score = Weightedmeantime gain
I Point = % problemssolvedfaster
I Utilit y = Cover� Score � Point
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MacroPruningandValidation

Pruning

I Null and inconsistente�ect; unsatis�ableprecondition
I Limits on parametercount, macro length, macro-setsize
I Duplicacyand equivalenceof macros
I Cohesiontype: commonvariables,not causallinks
I Runtimefailure to plan within limits

Validation

I Plannerssometimesproduceinvalid planswith macros.
I Planswith macrosare therefore validatedas needed.
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Results:Summary TableObservability/Macro-Count
O: ObservableN: Non-observable

domain-planner C +S-s +T-t P� p +L-l Q� q
Gripper-FD-Chunk O +0-0 +100-0 85� 1 +0-100 -30� 0
Gripper-FD-Bunch 3 +0-0 +100-0 91� 1 +0-100 -32� 0
Gripper-FF-Chunk N +62-0 +38-0 92� 0 +0-38 -39� 0
Gripper-FF-Bunch 3 +62-0 +38-0 98� 0 +0-38 -58� 0
Gripper-LPG-Chunk O +0-0 +100-0 56� 0 +0-100 -22� 0
Gripper-LPG-Bunch 3 +0-0 +100-0 87� 0 +0-100 -39� 0
Gripper-SatPlan-Chunk N +20-0 +68-6 53� 5 +0-78 -32� 2
Gripper-SatPlan-Bunch 3 +20-0 +66-10 49� 6 +0-78 -32� 2
Gripper-SGPlan-Chunk O +0-0 +100-0 67� 0 +0-100 -2� 0
Gripper-SGPlan-Bunch 3 +0-0 +100-0 73� 0 +0-100 -14� 0
Gripper-VHPOP-Chunk N +16-0 +62-4 80� 5 +0-60 -22� 2
Gripper-VHPOP-Bunch 3 +34-0 +66-0 99� 0 +0-66 -51� 1

Results available for

I Blocks { Propositional and Measurement { Numerical
I Ferry { Propositional and Numerical
I Explorer { Propositional and Numerical
I Reliefwork { Propositional and Numerical
I Railway { Propositional and Numerical
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Results:Gripper-FD/FF
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Results:Gripper-LPG/SatPlan
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Results:Gripper-SGPlan/VHPOP
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Contribution

ExistingMethods: plannerswith limited learning

I Generatemacroson trigger conditionsor property discoveries
I Acquiremacrosthat are observablefrom a givensource
I Suggesta small number of consecutivetop performing macros

Wizard: a learner that acquiresmacroscomprehensively

I Castsmacro-learning assearch on macroand macro-setspaces
I Shows potential of non-observableand incoherentmacros
I Works readilywith arbitrary plannersand domains
I Optimisesaggregateperformanceof macro-sets
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Future Work

Intra-DomainMacros

I Identifying situationswherea particular macro is useful.
I Identifying a macro'spre�x to apply its su�x.
I Usingmacrosto specify obligationsrather than choices.

Inter-DomainMacros

I Formulating domainextensionmechanisms.
I Learning macrosfrom simpledomains.
I Applying learnt macrosin complexdomains.
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