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Abstract

This man ual describ es the syn tax of PDDL , the Planning Domain De�nition Language,

the problem-sp eci�cation language for the AIPS-98 planning comp etition. The language

has roughly the the expressiv eness of P ednault's ADL [10 ] for prop ositions, and roughly

the expressiv eness of UMCP [6] for actions. Our hop e is to encourage empirical ev aluation

of planner p erformance, and dev elopmen t of standard sets of problems all in comparable

notations.



1 In tro duction

This man ual describ es the syn tax, and, less formally , the seman tics, of the Planning Domain

De�nition Language ( PDDL ). The language supp orts the follo wing syn tactic features:

� Basic STRIPS-st yle actions

� Conditional e�ects

� Univ ersal quan ti�cation o v er dynamic univ erses ( i.e. , ob ject creation and destruction),

� Domain axioms o v er strati�ed theories,

� Sp eci�cation of safet y constrain ts.

� Sp eci�cation of hierarc hical actions comp osed of subactions and subgoals.

� Managemen t of m ultiple problems in m ultiple domains using di�ering subsets of lan-

guage features (to supp ort sharing of domains across di�eren t planners that handle

v arying lev els of expressiv eness).

PDDL is in tended to express the \ph ysics" of a domain, that is, what predicates there

are, what actions are p ossible, what the structure of comp ound actions is, and what the

e�ects of actions are. Most planners require in addition some kind of \advice," that is,

annotations ab out whic h actions to use in attaining whic h goals, or in carrying out whic h

comp ound actions, under whic h circumstances. W e ha v e endea v ored to pro vide no advice

at all as part of the PDDL notation; that explains the almost p erv erse aura of neutralit y

surrounding the notation at v arious places. As a result of this neutralit y , almost all planners

will require extending the notation, but ev ery planner will w an t to extend it in di�eren t

w a ys.

Ev en with advice left out, w e an ticipate that few planners will handle the en tire PDDL

language. Hence w e ha v e factored the language in to subsets of features, called r e quir ements .

Ev ery domain de�ned using PDDL should declare whic h requiremen ts it assumes. A plan-

ner that do es not handle a giv en requiremen t can then skip o v er all de�nitions connected

with a domain that declares that requiremen t, and w on't ev en ha v e to cop e with its syn tax.

PDDL is descended from sev eral foreb ears:

� ADL [10 ]

� The SIPE-2 formalism [12 ]

� The Pro digy-4.0 formalism [3 ]

� The UMCP formalism [6 ]

� The Unp op formalism [8]

� and, most directly , the UCPOP formalism [2 ]

Our hop e is to encourage sharing of problems and algorithms, as w ell as to allo w mean-

ingful comparison of the p erformance of planners on di�eren t problems. A particular goal

is to pro vide a notation for problems to b e used in the AIPS-98 planning con test.
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2 A Simple Example

T o giv e a 
a v or of the language, consider P ednault's famous example [9 ] in v olving trans-

p ortation of ob jects b et w een home and w ork using a briefcase whose e�ects in v olv e b oth

univ ersal quan ti�cation ( al l ob jects are mo v ed) and conditional e�ects ( if they are inside

the briefcase when it is mo v ed). The domain is describ ed in terms of three action sc hemata

(sho wn b elo w). W e encapsulate these sc hemata b y de�ning the domain and listing its

requiremen ts.

(define (domain briefcase-world)

(:requirements :strips :equality :typing :conditional-effects)

(:types location physob)

(:constants (B - physob))

(:predicates (at ?x - physob ?l - location)

(in ?x ?y - physob))

...

A domain's set of requiremen ts allo w a planner to quic kly tell if it is lik ely to b e able

to handle the domain. F or example, this v ersion of the briefcase w orld requires conditional

e�ects, so a straigh t STRIPS-represen tation planner w ould not b e able to handle it. A

k eyw ord (sym b ol starting with a colon) used in a :requirements �eld is called a r e quir ement


ag ; the domain is said to de clar e a r e quir ement for that 
ag.

All domains include a few built-in t yp es, suc h as object (an y ob ject), and number .

Most domains de�ne further t yp es, suc h as location and physob (\ph ysical ob ject") in

this domain.

A constan t is a sym b ol that will ha v e the same meaning in all problems in this domain.

In this case B | the briefcase | is suc h a constan t. (Although w e could ha v e a t yp e

briefcase , w e don't need it, b ecause there's only one briefcase.)

Inside the scop e of a domain declaration, one sp eci�es the action sc hemata for the

domain.

(:action mov-b

:parameters (?m ?l - location)

:precondition (and (at B ?m) (not (= ?m ?l)))

:effect (and (at b ?l) (not (at B ?m))

(forall (?z)

(when (and (in ?z) (not (= ?z B)))

(and (at ?z ?l) (not (at ?z ?m)))))) )

This sp eci�es that the briefcase can b e mo v ed from lo cation ?m to lo cation ?l , where

the sym b ols starting with question marks denote v ariables. The preconditions dictate that

the briefcase m ust initially b e in the starting lo cation for the action to b e legal and that it is

illegal to try to mo v e the briefcase to the place where it is initially . The e�ect equation sa ys

that the briefcase mo v es to its destination, is no longer where it started, and ev erything

inside the briefcase is lik ewise mo v ed.
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(:action put-in

:parameters (?x - physob ?l - location)

:precondition (not (= ?x B))

:effect (when (and (at ?x ?l) (at B ?l))

(in ?x)) )

This action de�nition sp eci�es the e�ect of putting something (not the briefcase ( B )

itself !) inside the briefcase. If the action is attempted when the ob ject is not at the same

place ( ?l ) as the briefcase, then there is no e�ect.

(:action take-out)

:parameters (?x - physob)

:precondition (not (= ?x B))

:effect (not (in ?x)) )

The �nal action pro vides a w a y to remo v e something from the briefcase.

P ednault's example problem supp osed that at home one had a dictionary and a briefcase

with a pa yc hec k inside it. F urthermore, supp ose that w e wished to ha v e the dictionary and

briefcase at w ork, but w an ted to k eep the pa yc hec k at home. W e can sp ecify the planning

problem as follo ws:

(define (problem get-paid)

(:domain briefcase-world)

(:init (place home) (place office)

(object p) (object d) (object b)

(at B home) (at P home) (at D home) (in P))

(:goal (and (at B office) (at D office) (at P home))))

One could then in v ok e a planner b y t yping something lik e (graph-plan 'get-paid) .

The planner c hec ks to see if it can handle the domain requiremen ts and if so, plans.

3 Syn tactic Notation

Our notation is an Extended BNF (EBNF) with the follo wing con v en tions:

� Eac h rule is of the form < syntactic element > ::= exp ansion .

� Angle brac k ets delimit names of syn tactic elemen ts.

� Square brac k ets ( [ and ] ) surround optional material. When a square brac k et has a

sup erscripted requiremen t 
ag, suc h as:

[(:types ...)]

(: typing )

it means that the material is includable only if the domain b eing de�ned has declared

a requiremen t for that 
ag. See Section 15.

3



� Similarly , the sym b ol ::= ma y b e sup erscripted with a requiremen t 
ag, indicating

that the expansion is p ossible only if the domain has declared that 
ag.

� An asterisk ( * ) means \zero or more of "; a plus ( + ) means \one or more of."

� Some syn tactic elemen ts are parameterized. E.g., <list (symbol)> migh t denote a

list of sym b ols, where there is an EBNF de�nition for <list x > and a de�nition for

<symbol> . The former migh t lo ok lik e

<list x > ::= ( x *)

so that a list of sym b ols is just (<symbol>*) .

� Ordinary paren thesis are an essen tial part of the syn tax w e are de�ning and ha v e no

seman tics in the EBNF meta language.

As w e said in Section 1, PDDL is in tended to express only the ph ysics of a domain, and

will require extension to represen t the searc h-con trol advice that most planners need. W e

recommend that all suc h extensions ob ey the follo wing con v en tion: An extended PDDL

expression is an ordinary PDDL expression with some sub expressions of the form ( "" e

a ) , where e is an unextended PDDL expression and a is some advice. The \ "" " notation

indicates that w e are ascending to a \meta" lev el. The w ord \expression" here is in terpreted

as \an y part of a PDDL expression that is either a single sym b ol or an expression of the

form (...) ." F or instance, the de�nition of mov-b giv en ab o v e migh t b e enhanced for a

particular planner th us:

(:action mov-b

:parameters (?m ?l - location)

:precondition (and (^^ (at B ?m)

(goal-type: achievable))

(^^ (not (= ?m ?l))

(goal-type: filter)))

:effect (and (at b ?l) (not (at B ?m))

(forall (?z)

(when (and (in ?z) (not (= ?z B)))

(and (^^ (at ?z ?l) :primary-effect)

(^^ (not (at ?z ?m)) :side-effect))))))

to indicate that

1. ( :primary-effect vs. :side-effect ): when the planner encoun ters a goal of the

form (at ?z ?l) , it ma y in tro duce a mov-b action in to a plan in order to ac hiev e

that goal, but a goal of the form (not (at ?z ?m)) , while it ma y b e ac hiev ed b y an

action of this form in tro duced for another reason, should not cause a mov-b action to

b e created;

2. (di�eren t goal-type s): If an action suc h as (mov-b b1 place2 place2) arises, it

should b e rejected immediately , rather than giving rise to a subgoal (not (= place2

place2)) .
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Adopting this con v en tion should impro v e the p ortabilit y of plan-problem collections,

b ecause a planner using PDDL can b e written to ignore all advice in unexp ected con texts.

In the future, w e ma y in tro duce a more complex syn tax for attac hing advice to b e used b y

di�eren t planners, but for no w the only general principle is that an expression of the form

( "" e a ) can o ccur an ywhere, and will mean exactly the same thing as e , as far as domain

ph ysics are concerned.

Commen ts in PDDL b egin with a semicolon (\ ; ") and end with the next newline. An y

suc h string b eha v es lik e a single space.

4 Domains

W e no w describ e the language more formally . The EBNF for de�ning a domain structure

is:

<domain> ::= (define (domain <name>)

[<extension-def>]

[<require-def>]

[<types-def>]

: typing

[<constants-def>]

[<domain-vars-def>]

: expression � evaluation

[<predicates-def>]

[<timeless-def>]

[<safety-def>]

: safety � constraints

<structure-def>

�

)

<extension-def> ::= (:extends <domain name>

+

)

<require-def> ::= (:requirements <require-key>

+

)

<require-key> ::= Se e Se ction 15

<types-def> ::= (:types <typed list (name)>)

<constants-def> ::= (:constants <typed list (name)>)

<domain-vars-def> ::= (:domain-variables

<typed list(domain-var-declarat ion )>)

<predicates-def> ::= (:predicates <atomic formula skeleton>

+

)

<atomic formula skeleton>

::= (<predicate> <typed list (variable)>)

<predicate> ::= <name>

<variable> ::= ?<name>

<timeless-def> ::= (:timeless <literal (name)>

+

)

<structure-def> ::= <action-def>

<structure-def> ::=

: domain � axioms

<axiom-def>

<structure-def> ::=

: action � expansions

<method-def>

Although w e ha v e indicated the argumen ts in a particular order, they ma y come in an y

order, except for the (domain ...) itself.

Pr oviso: F or the con v enience of some implemen ters, w e de�ne a \strict subset" of PDDL

that imp oses the follo wing additional restrictions:
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1. All k eyw ord argumen ts (for (define (domain ...)) and all similar constructs) m ust

app ear in the order sp eci�ed in the man ual. (An argumen t ma y b e omitted.)

2. Just one PDDL de�nition (of a domain, problem, etc.) ma y app ear p er �le.

3. Addenda (see Section 11) are forbidden.

Names of domains, lik e other o ccurrences of syn tactic category <name> , are strings of

c haracters b eginning with a letter and con taining letters, digits, h yphens (\-"),and under-

scores (\ "). Case is not signi�can t.

If the :extends argumen t is presen t, then this domain inherits requiremen ts, t yp es,

constan ts, actions, axioms, and timelessly true prop ositions from the named domains, whic h

are called the anc estors of this domain.

The :requirements �eld is in tended to formalize the fact that not all planners can

handle all problems statable in the PDDL notation. If the requiremen t is missing (and not

inherited from an y ancestor domain), then it defaults to :strips . In general, a domain is

tak en to declare ev ery requiremen t that an y ancestor declares. A description of all p ossible

requiremen ts is found in Section 15.

The :types argumen t uses a syn tax b orro w ed from Nisp [7 ] that is used elsewhere in

PDDL (but only if :typing is handled b y the planner.

<typed list ( x )> ::= x

�

<typed list ( x )> ::=

: typing

x

+

- <type> <typed list( x )>

<type> ::= <name>

<type> ::= (either <type>

+

)

<type> ::=

: fluents

(fluent <type>)

A t yp ed list is used to declare the t yp es of a list of en tities; the t yp es are preceded b y

a min us sign (\ - "), and ev ery other elemen t of the list is declared to b e of the �rst t yp e

that follo ws it, or object if there are no t yp es that follo w it. An example of a <typed

list(name)> is

integer float - number physob

If this o ccurs as a :types argumen t to a domain, it declares three new t yp es, integer ,

float , and physob . The �rst t w o are sub classes of number , the last a sub class of object

(b y default). That is, ev ery in teger is a n um b er, ev ery 
oat is a n um b er, and ev ery ph ysical

ob ject is an ob ject.

An atomic t yp e name is just a timeless unary predicate, and ma y b e used wherev er suc h

a predicate mak es sense. In addition to atomic t yp e names, there are t w o comp ound t yp es.

(either t

1

... t

k

) is the union of t yp es t

1

to t

k

. (fluent t ) is the t yp e of an ob ject whose

v alue v aries from situation to situation, and is alw a ys of t yp e t . (See Section 12.)

The :domain-variables declaration is used for domains that declare the requiremen t


ag :expression-evaluation ; this requiremen t, and the accompan ying syn tactic class

domain-var-declaration , are describ ed in Section 12.

The :constants �eld has the same syn tax as the :types �eld, but the seman tics is

di�eren t. No w the names are tak en as new constan ts in this domain, whose t yp es are giv en

as describ ed ab o v e. E.g., the declaration
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(:constants sahara - theater

division1 division2 - division)

indicates that in this domain there are three distinguished constan ts, sahara denoting a

theater and t w o sym b ols denoting division s.

The :predicates �eld consists of a list of declarations of predicates, once again using

the t yp ed-list syn tax to declare the argumen ts of eac h one.

The :timeless �eld consists of a list of literals that are tak en to b e true at all times

in this domain. The syn tax <literal(name)> will b e de�ned in Section 6. It go es without

sa ying that the predicates used in the timeless prop ositions m ust b e declared either here or

in an ancestor domain. (Built-in predicates suc h as \ = " b eha v e as if they w ere inherited from

an ancestor domain, although whether they actually are implemen ted this w a y dep ends on

the implemen tation.)

The remaining �elds de�ne actions and rules in the domain, and will b e giv en their o wn

sections.

5 Actions

The EBNF for an action de�nition is:

<action-def> ::= (:action <action functor>

:parameters ( <typed list (variable)> )

<action-def body>)

<action functor> ::= <name>

<action-def body> ::= [:vars (<typed list(variable)>)]

:existential-preconditio ns

:conditional-effects

[:precondition <GD>]

[:expansion

<action spec>]

: action � expansions

[:expansion :methods]

: action � expansions

[:maintain <GD>]

: action � expansions

[ :effect <effect>]

[:only-in-expansions <boolean>]

: action � expansions

The :parameters list is simply the list of v ariables on whic h the particular rule op erates,

i.e. , its argumen ts, using the t yping syn tax describ ed ab o v e. The :vars list are lo cally

b ound v ariables whose seman tics are explained b elo w.

The :precondition is an optional goal description (GD) that m ust b e satis�ed b efore

the action is applied. As de�ned b elo w (Section 6), PDDL goal descriptions are quite

expressiv e: an arbitrary function-free �rst-order logical sen tence is allo w ed. If no precondi-

tions are sp eci�ed, then the action is alw a ys executable. E�e cts list the c hanges whic h the

action imp oses on the curren t state of the w orld. E�ects ma y b e univ ersally quan ti�ed and

conditional, but full �rst order sen tences ( e.g. , disjunction and Sk olem functions) are not

allo w ed. Th us, it is imp ortan t to realize that PDDL is asymmetric: action preconditions

are considerably more expressiv e than action e�ects.

7



The :effect describ es the e�ects of the action. See Section 7.

If the domain declares requiremen t :action-expansions , then it is legitimate to include

an :expansion �eld for an action, whic h sp eci�es all the w a ys the action ma y b e carried

out in terms of (presumably simpler) actions. It is also meaningful to imp ose a constrain t

that a <GD> b e main tained throughout the execution of an action. See Section 8.

An action de�nition m ust ha v e an :effect or an :expansion , but not b oth .

F ree v ariables are not allo w ed. All v ariables in an action de�nition ( i.e. , in its precon-

ditions, main tenance condition, expansion, or e�ects) m ust b e included in the :parameter

or :vars list, or explicitly in tro duced with a quan ti�er.

:vars is mainly a con v enience. V ariables app earing here b eha v e as if b ound existen tially

in preconditions and univ ersally in e�ects, except that it is an error if more than one instance

satis�es the existen tial precondition. So, for example, in the follo wing de�nition

(:action spray-paint

:parameters (?c - color)

:vars (?x - location)

:precondition (at robot ?x)

:effect (forall (?y - physob)

(when (at ?y ?x)

(color ?y ?c))))

if the rob ot m ust b e in at most one place to a v oid an error.

All the v ariables o ccurring free in the :effect or :action �eld m ust b e b ound in the

:precondition �eld.

The optional argumen t :only-in-expansions is describ ed in Section 8.

6 Goal Descriptions

A goal description is used to sp ecify the desired goals in a planning problem and also

the preconditions for an action. F unction-free �rst-order predicate logic (including nested

quan ti�ers) is allo w ed.

<GD> ::= <atomic formula(term)>

<GD> ::= (and <GD>

�

)

<GD> ::= <literal(term)>

<GD> ::=

: disjunctive � preconditions

(or <GD>

�

)

<GD> ::=

: disjunctive � preconditions

(not <GD>)

<GD> ::=

: disjunctive � preconditions

(imply <GD> <GD>)

<GD> ::=

: existential � preconditions

(exists (<typed list(variable)>

�

) <GD> )

<GD> ::=

: universal � preconditions

(forall (<typed list(variable)>

�

) <GD> )

<literal( t )> ::= <atomic formula( t )>

<literal( t )> ::= (not <atomic formula( t )>)

<atomic formula( t )> ::= (<predicate> t

�

)

<term> ::= <name>
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<term> ::= <variable>

where, of course, an o ccurrence of a <predicate> should agree with its declaration in terms

of n um b er and, when applicable, t yp es of argumen ts.

Hop efully the seman tics of these expresssions is ob vious.

7 E�ects

PDDL allo ws b oth conditional and univ ersally quan ti�ed e�ects. The description is

straigh tforw ard:

<effect> ::= (and <effect>

�

)

<effect> ::= (not <atomic formula(term)>)

<effect> ::= <atomic formula(term)>

<effect> ::=

: conditional � effects

(forall (<variable>

�

) <effect>)

<effect> ::=

: conditional � effects

(when <GD> <effect>)

<effect> ::=

: fluents

(change <fluent> <expression>)

W e assume that all v ariables m ust b e b ound (either with a quan ti�er or in the parameters

section of an action de�nition).

As in strips , the truth v alue of predicates are assumed to p ersist forw ard in time.

Unlik e strips , PDDL has no delete list | instead of deleting (on a b) one simply asserts

(not (on a b)) . If an action's e�ects do es not men tion a predicate P then the truth of

that predicate is assumed unc hanged b y an instance of the action.

The seman tics of (when P E ) are as follo ws: If P is true b efore the action, then e�ect

E o ccurs after. P is a se c ondary pr e c ondition [10 ]. The action is feasible ev en if P is false,

but the e�ect E o ccurs only if P is true.

Fluen ts are explained in Section 12.

8 Action Expansions

In man y classical hier ar chic al planners (suc h as Sip e [12 ], O-Plan [5 ], and UMCP [6 ]) goals

are sp eci�ed in terms of abstract actions to carry out as w ell as (or instead of ) goals to

ac hiev e. A solution to a planning problems is a sequence of actions that join tly comp ose all

the abstract actions originally requested. PDDL allo ws for this st yle of planning b y pro-

viding an :expansion �eld in action de�nitions, pro vided the domain declares requiremen t

:action-expansions . The �eld, as describ ed ab o v e, is of the form :expansion <action

spec> , where <action spec> has the follo wing syn tax:

<action spec> ::= <action-term>

<action spec> ::= (in-context <action spec>

<action-def body>)

<action spec> ::= (choice <action spec>

�

)

<action spec> ::= (forsome (<typed list(variable)>

�

)

<action spec>)
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<action spec> ::= (series <action spec>

�

)

<action spec> ::= (parallel <action spec>

�

)

<action spec> ::= (tag <action-label term>

�

<action spec>

<action-label term>

�

)

<action spec> ::=

: foreach � expansions

(foreach <typed list(variable)>

<GD> <action spec>)

<action spec> ::=

: dag � expansions

(constrained (<action spec>

+

)

<action constraint>

�

)

<action constraint> ::= (in-context <action constraint>

<action-def body>)

<action constraint> ::= (series <action constraint>

�

)

<action constraint> ::= (parallel <action constraint>

�

)

<action-term> ::= (<action functor> <term>

�

)

<action-label term> ::= <action label>

| (< <action label>)

| (> <action label>)

<action label> ::= <name>

Extra c hoices ma y b e added to an action expansion after the action is de�ned, b y the use

of :method s, as describ ed in Section 11. An action with no expansion is called a primitive

action, or just a primitive . It is alw a ys p ossible to tell b y the action de�nition if the action

is primitiv e; if all its expansions are de�ned via metho ds, then the :expansion argumen t

should b e the sym b ol :methods .

An action ma y b e expanded in to a structure of actions, either a series-parallel com bi-

nation, or, if the domain declares requiremen t :dag-expansions an arbitrary partial order

(with steps lab eled b y tag ). If there is a c hoice of expansions, it is indicated using choice .

A forsome b eha v es lik e a c hoice among all its instances.

The only built-in action term is (--) , or no-op .

An ywhere an action is allo w ed, the expansion ma y ha v e an expression of the form

(in-context < action sp e c >

:precondition P

:maintain M )

This construct is used to declare preconditions and main tenance conditions of actions that

are due purely to their o ccurring in the con text of this expansion. (It should not b e used to

rep eat the preconditions asso ciated with the de�nition of the action itself.) F or example,

to indicate a plan to ev acuate an area of friendly forces and then shell it, one migh t write

(series (clear ?area)

(in-context (shell ?area)

:precondition (not (exists (?x - unit)

(and (friendly ?x) (in ?x ?area))))))
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As syn tactic sugar, PDDL allo ws y ou to write (achieve P ) as an abbreviation for

(in-context (--) :precondition P ) .

The (constrained A C

�

) syn tax allo ws fairly arbitrary further conditions to b e im-

p osed on an action sp ec, with lab els standing in for actions and their endp oin ts. The lab els

are de�ned b y the (tag lab els action ) construct. A lab el stands for the whole action (o c-

currence) unless it is quali�ed b y < or > , in whic h case it stands for the b eginning or end

of the action. Inside C , (series l

1

l

2

... l

k

) imp oses an additional ordering requiremen t

on the time p oin ts tagged l

1

; : : : ; l

k

. (in-context (series l

1

... l

k

) -c onditions- ) can b e

used to imp ose extra conditions (or announce extra e�ects) of the in terv al corresp onding to

suc h an additional ordering.

F or example, to expand an action in to four subactions (A) , (B) , (C) , and (D) , suc h that

(A) precedes (B) and (D) , and (C) precedes (D) , with condition (P) main tained from the

end of (A) un til the end of (D) , write

:expansion (constrained ((series (tag A (> end-a)) (B))

(series (C) (tag (< beg-d) (D) (> end-d))))

(in-context (series end-a beg-d end-d)

:maintain (P)))

As an illustration of all this, here is a fragmen t of the Univ ersit y of Maryland T ranslog

domain [1 ], sp ecifying ho w to unload a 
atb ed truc k:

(:action unload

:parameters (?p - package ?v - vehicle ?l - location)

:expansion

(choice

... ; several choices elided

(forsome (?c - crane)

(in-context

(constrained

(series (tag (pick-up-package-vehicle

?p ?c ?v ?l)

(> end-n1))

(tag (< beg-n2)

(put-down-package-ground

?p ?c ?l)))

(in-context (series end-n1 beg-n2)

:maintain (and (at-package ?p ?c)

(at-equipment ?c ?l))))

:precondition (and (flatbed ?v)

(empty ?c)

(at-package ?p ?v)

(at-vehicle ?v ?l)

(at-equipment ?c ?l))))))

11



Note that PDDL do es not allo w y ou to sp ecify whether it makes sense to insert steps to

ac hiev e an in-con text precondition of a c hoice (as opp osed to using it as a \�lter" condition).

That falls in to the category of advice, whic h is handled in a planner-sp eci�c w a y .

The parallel construct imp oses no constrain ts on the execution order of its argumen ts.

Ho w ev er, a lab el asso ciated with a parallel comp osition is asso ciated with the �rst action of

the comp osition to b egin, in the case of a \ < " lab el, or the last action to end, in the case of

a \ > ." E.g., to indicate that a condition b e true from the end of act1 un til a set of actions

p erformed in parallel with act1 are �nished, write

(constrained (tag (parallel (tag (act1) (> end-act1))

(act2)

...

(actN))

(> alldone))

(in-context (series end-act1 alldone)

:maintain (condition)))

If the domain declares requiremen t :foreach-expansions , then an action can ha v e an

expansion of the form (foreach ( v ) P ( v ) A ( v ) ) , where v is a set of t yp ed v ariables, P ( v )

is a precondition, and A ( v ) is an action sp ec. The idea is to expand the action in to zero or

more o ccurrences of A ( v ), one for eac h instance of P ( v ) that is true b efore in the situation

when the expanded action b egins execution. (See App endix A for a precise de�nition of

what it means for an action-sp ec to b e satis�ed b y an action sequence.)

The syn tax of the language p ermits lab els to o ccur inside choice and foreach action

sp ecs. It is a consequence of the formal seman tics of App endix A that (a) a constrain t

men tioning a lab el inside a choice branc h that do esn't o ccur do esn't constrain an ything;

(b) a constrain t men tioning a reference to a lab el inside a foreach or forsome from outside

do esn't constrain an ything.

In Section 5 w e men tioned that an action de�nition ma y con tain an argumen t

:only-in-expansions .

If this is t (default is nil ), then a planner is not allo w ed to assume that instances of the

action are feasible if its preconditions are satis�ed. Instead, it can include an action in

a plan only if it o ccurs as the expansion of some other action. The in tended use of this

notation is to indicate that w e do not really kno w all the preconditions of the action, just

some standard con texts in whic h the preconditions are sure to b e satis�ed.

See Section 11 for a notation that allo ws cum b ersome action expansions to b e brok en

in to more manageable pieces.

9 Axioms

Axioms are logical form ulas that assert relationships among prop ositions that hold within

a situation (as opp osed to action de�nitions, whic h de�ne relationships across successiv e

situations). T o ha v e axioms, a domain m ust declare requiremen t :domain-axioms .
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<axiom-def> ::= (:axiom <GD>)

:vars (<typed list (variable)>)

:context <GD>

:implies <literal(term)>)

The :vars �eld b eha v es lik e a univ ersal quan ti�er. All the v ariables that o ccur in the axiom

m ust b e declared here.

F or example, w e migh t de�ne the classical blo c ks-w orld predicates above and clear as

follo ws:

(:axiom

:vars (?x ?y - physob)

:context (on ?x ?y)

:implies (above ?x ?y)))

(:axiom

:vars (?x ?y - physob)

:context (exists (?z - physob)

(and (on ?x ?z) (above ?z ?y)))

:implies (above ?x ?y))

(:axiom

:vars (?x - physob)

:context (or (= ?x Table)

(not (exists (?b - block)

(on ?b ?x))))

:implies (clear ?x))

Unless a domain declares requiremen t :true-negation , not is treated using the tec h-

nique of \negation as failure" [4 ]. That means it mak es no sense to c onclude a negated

form ula; they should o ccur only as deductiv e goals, when (not g ) succeeds if and only

if g fails. (If g con tains v ariables, the results are unde�ned.) Hence axioms are treated

directionally , alw a ys used to conclude the :implies �eld, and nev er to conclude a form ula

from the :context �eld. (Of course, whether an axiom is used forw ard or bac kw ard is a

matter of advice, and PDDL is silen t on this issue.)

Another imp ortan t reason for the directionalit y of axioms is to a v oid o v erly complex in-

teractions with action de�nitions. The rule is that action de�nitions are not allo w ed to ha v e

e�ects that men tion predicates that o ccur in the :implies �eld of an axiom. The in ten tion

is that action de�nitions men tion \primitiv e" predicates lik e on , and that all c hanges in

truth v alue of \deriv ed" predicates lik e above o ccur through axioms. Without axioms, the

action de�nitions will ha v e to describ e c hanges in all predicates that migh t b e a�ected b y an

action, whic h leads to a complex soft w are engineering (or \domain engineering") problem.

If a domain declares requiremen t :true-negation (whic h implies :open-world ), then

exactly ho w action de�nitions in teract with axioms b ecomes hard to understand, and the

managemen t tak es no resp onsibilit y for the outcome. (F or example, if there is an axiom
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P ^ Q � R , and an action causes (not R ) when P and Q are true, do es P b ecome false or

Q ?)

The domain requiremen t :subgoal-through-axioms indicates that a goal in v olving

deriv ed predicates ma y ha v e to b e solv ed b y �nding actions to c hange truth v alues of

related primitiv e predicates. F or example, a goal (above A B) migh t b e ac hiev e b y either

ac hieving (on A B) or ac hieving (and (an A Z ) (above Z B)) for some Z . A domain

that do es not declare this requiremen t ma y still ha v e axioms, but they will b e used only for

timeless predicates.

Note that a giv en predicate can b e in the :implies �eld of more than one axiom.

10 Safet y Constrain ts

A domain declaring requiremen t :safety-constraints is allo w ed to sp ecify safety c on-

str aints, de�ned as bac kground goals that m ust b e satis�ed throughout the planning pro-

cess. A plan is allo w ed only if at its end none of these bac kground goals is false. In other

w ords, if one of the constrain ts is violated at some p oin t in the plan, it m ust b ecome true

again b y the end.

<safety-def> ::= (:safety <GD>)

F or example, one could command a softb ot (soft w are rob ot) to a v oid deleting �les that

are not bac k ed up on tap e with the follo wing constrain t:

(:safety

(forall (?f)

(or (file ?f) (written-to-tape ?f))))

As ev erywhere else in PDDL , free v ariables are not allo w ed.

It is imp ortan t to note that safet y constrain ts do not require an agen t to make them

true; rather, the agen t m ust a v oid creating new violations of the constrain ts. F or example,

if a constrain t sp eci�es that all of m y �les b e read protected, then the agen t w ould a v oid

c hanging an y of m y �les to b e readable; but if m y .plan �le is already readable in the initial

state, then the agen t w ould not protect that �le.

F or details of safet y constrain ts, please refer to [11 ].

Safet y constrain ts should not b e confused with :timeless prop ositions. (See Section 4.)

Timeless prop ositions are alw a ys true in all problems in the domain, and it should b e

imp ossible for an y action to c hange them. Hence no sp ecial measures are required to ensure

that they are not violated.

11 Adding Axioms and Action Expansions Mo dularly

Although PDDL allo ws a domain to b e de�ned as one gigan tic define , it is often more

con v enien t to break the de�nition in to pieces. The follo wing notation allo ws adding axioms

and action expansions to an existing domain:
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(define (addendum <name>)

(:domain <name>)

<extra-def>

�

)

<extra-def> ::= <action-def>

<extra-def> ::=

: domain � axioms

<axiom-def>

<extra-def> ::=

: action � expansions

<method-def>

<extra-def> ::=

: safety � constraints

<safety-def>

<method-def> ::= (:method <action functor>

[ :name <name> ]

:parameters ( <typed list (variable)> )

<action-def body>

Please remem b er that, as explained in Section 4, in the \strict subset" of PDDL addenda

are not allo w ed.

Inside a (define (addendum ...) ...) expression, :action s and :axiom s b eha v e as

though they had b een included in the original (define (domain ...) ...) expression

for the domain. :method declarations sp ecify further c hoice p oin ts for the expansion of an

already-declared action, almost as though the giv en <action-def body> included inside a

choice in the original expansion of the action. (It do esn't w ork quite that neatly b ecause

the parameters ma y ha v e new names, and b ecause an <action-def body> is not exactly

what's exp ected in a choice .)

In a metho d de�nition, the <action-def body> ma y not ha v e an :effect �eld or an

:only-in-expansions �eld.

Metho d names are an aid in describing problem solutions as structures of instan tiated

action sc hemas. Eac h action has its o wn space of metho d names; there is no need to mak e

them unique o v er a domain. If an action has a metho d supplied in its original de�nition,

the name of that metho d is the same as the name of the action itself.

Example:

(define (addendum carry-methods)

:domain translog

...

(:method CARRY-VIA-HUB

:name usual

:parameters (?p - package ?tc ?tc - tcenter)

:expansion (forsome (?hub - hub)

(in-context (series (carry-direct ?p ?tc1 ?hub)

(carry-direct ?p ?hub ?tc2))

:precondition (exists (?city1 ?city2 - city

?reg1 ?reg2 - region)

(and (in-city ?tc1 ?city1)

(in-city ?tc2 ?city2)

(in-region ?city1 ?reg1)

(in-region ?city2 ?reg2)

(serves ?hub ?reg1)
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(serves ?hub ?reg2)

(available ?hub)))))

:precondition (not (hazardous ?p)))

...)

The reason to giv e addenda names is so the system will kno w when an addendum is

b eing rede�ned instead of b eing added for the �rst time. When a (define (addendum N )

...) expression is ev aluated, all the material previously asso ciated with N is erased b efore

the de�nitions are added. The name of an addendum is lo cal to its domain, so di�eren t

domains can ha v e addenda with the same name.

12 Expression Ev aluation

If a domain declares requiremen t :expression-evaluation , then it supp orts a built-in

predicate (eval E V ) that succeeds if the v alue of expression E is V . E has Lisp-lik e

syn tax for expressions, whic h should at least allo w functions + , - , * , and / ; this argumen t

p osition is said to b e an evaluation c ontext . Ev aluation con texts are the only places in

PDDL where functions are allo w ed, except for terms denoting actions. E should not

include an y v ariables; if it do es, the goal will fail in an implemen tation-dep enden t w a y .

(Some implemen tations will distinguish b et w een failure due to E 's v alue b eing di�eren t

from V and failure due to the inabilit y to generate all instances of E . Cf. equation ,

b elo w.)

Another ev aluation con text is the argumen t to (test E ) . Here E is an expression

whose main functor is one of = , > , < , >= , or <= . The expression is ev aluated, and the goal

succeeds if it ev aluates to T .

The goal (bounded-int I L H ) succeeds if I is an in teger in the in terv al [ L; H ]. L

and H are ev aluation con texts.

The goal (equation L R ) tries to bind v ariables so that L and R are equal. Both L

and R are ev aluation con texts, but if there is an un b ound v ariable, it is b ound to whatev er

v alue w ould mak e L and R ev aluate to the same thing. E.g., if ?y has b een b ound to 6,

and ?x is un b ound, then (equation (+ ?x 2) (- ?y 3)) will bind ?x to 1. Don't exp ect

an implemen tation to do an ything fancy here; ev ery implemen tation should at least handle

the case where there is a single o ccurrence of an un b ound v ariable, buried at most inside

an expression of the form (+ ...) .

The domain-v ars de�ned in (define (domain...) ...) expressions are ev aluated in

ev aluation con texts. The syn tax is

<domain-vars-def> ::= (:domain-variables

<typed list(domain-var-declarati on) >

<domain-var-declaration> : := <name> | (<name> <constant>)

E.g.:

(define (domain cat-in-the-hat)

(:types thing)

(:domain-variables (numthings 2) - integer)
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...

(:axiom

:vars (?i - integer)

:context (bounded-int ?i 1 numthings)

:implies (thing ?i)))

A v ariable lik e this is scop ed o v er the en tire domain, and is inherited b y domains that

extend this one. If the v ariable is redeclared in an extending theory , it shado ws the original

binding.

If a domain declares requiremen t :fluents , then it supp orts the t yp e (fluent <type>) ,

plus some new predicates. A 
uen t is a term with time-v arying v alue (i.e., a v alue that can

c hange as a result of p erforming an action). The prop osition (current-value F V ) is true

in a situation if V is the curren t v alue of F in that situation. F urther, if a planner handles

the :fluents requiremen t, then there m ust b e a built-in predicate (fluent-eval E V ) ,

whic h succeeds if V is the v alue of E , using the curren t v alue of an y 
uen t that o ccurs in

E (and otherwise b eha ving lik e eval ). Similarly , there is a predicate fluent-test that

is to test as fluent-eval is to eval . In addition, there is an e�ect (change F E ) that

c hanges the v alue of 
uen t F to E . E is an ev aluation con text, and its v alue is computed

with resp ect to the situation obtaining b efore the action (cf. when ).

(:action pour

:parameters (?source ?dest - container)

:vars (?sfl ?dfl - (fluent number) ?dcap - number)

:precondition (and (contents ?source ?sfl)

(contents ?dest ?dfl)

(capacity ?dest ?dcap)

(fluent-test (<= (+ ?sfl ?dfl) ?dcap)))

:effect (when (and (contents ?source ?sfl)

(contents ?dest ?dfl))

(and (change ?sfl 0)

(change ?dfl (+ ?dfl ?sfl)))))

One of the additional built-in functions that comes with requiremen t :fluents is (sum

v p e ) . This is a 
uen t whose v alue in a situation is

X

� suc h that � ( p ) is true

� ( e )

v declares all the v ariables of p that aren't already b ound. e is a 
uen t-ev aluation con text.

F or example,

(fluent-eval (sum (?p - person ?w - number)

(and (aboard ?p ?elevator)

(weight ?p ?w))

?w))

succeeds if ?w is the total w eigh t of all the p eople on a ?elevator (a v ariable whic h m ust

b e b ound somewhere else). Note that the v alue of this 
uen t dep ends on who is on the
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elev ator, not on what their mass is, b ecause in this form ulation it's assumed not to c hange.

If dieting is to b e tak en in to accoun t, then w e w ould write

(fluent-eval (sum (?p - person ?w - (fluent number))

(and (aboard ?p ?elevator)

(weight ?p ?w))

?w))

where no w ?w is a 
uen t itself.

13 Problems

A problem is what a planner tries to solv e. It is de�ned with resp ect to a domain. A problem

sp eci�es t w o things: an initial situation, and a goal to b e ac hiev ed. Because man y problems

ma y share an initial situation, there is a facilit y for de�ning named initial situations.

<problem> ::= (define (problem <name>)

(:domain <name>)

[<require-def>]

[<situation> ]

[<object declaration> ]

[<init>]

<goal>

+

[<length-spec> ]

<situation> ::= (:situation <initsit name>)

<object declaration> ::= (:objects <typed list (name)>)

<init> ::= (:init <literal(name)>

+

)

<initsit name> ::= <name>

<goal> ::= (:goal <GD>)

<goal> ::=

: action � expansions

(:expansion <action spec(action-term)>)

<length-spec> ::= (:length [(:serial <integer>)] [(:parallel <integer>)])

Initial situations are de�ned th us:

<initsit def> ::= (define (situation <initsit name>)

(:domain <name>)

[ <object declaration> ]

[ <init> ])

A problem de�nition m ust sp ecify either an initial situation b y name, or a list of initially

true literals, or b oth. If it sp eci�es b oth, then the literals are treated as e�ects (adds and

deletes) to the named situation. The <initsit name> m ust b e a name de�ned either b y

a prior situation de�nition or a prior problem de�nition. The :objects �eld, if presen t,

describ es ob jects that exist in this problem or initial situation but are not declared in the

:constants �eld of its domain or an y sup erdomain. Ob jects do not need to b e declared if

they o ccur in the :init list in a w a y that mak es their t yp e unam biguous.
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All predicates whic h are not explicitly said to b e true in the initial conditions are assumed

b y PDDL to b e false, unless the domain declares requiremen t :open-world .

F or example,

(define (situation briefcase-init)

(:domain briefcase-world)

(:objects P D)

(:init (place home) (place office)))

(define (problem get-paid)

(:domain briefcase-world)

(:situation briefcase-init)

(:init (at B home) (at P home) (at D home) (in P))

(:goal (and (at B office) (at D office) (at P home))))

The :goal of a problem de�nition ma y include a goal description or (if the domain

has declare the requiremen t :action-expansions ) an expansion, or b oth. A solution to a

problem is a series of actions suc h that (a) the action sequence is feasible starting in the

giv en inital situation situation; (b) the :goal , if an y , is true in the situation resulting from

executing the action sequence; (c) the :expansion , if an y , is satis�ed b y the series of actions

(in the sense explained in App endix A).

F or instance, in the transp ortation domain, one migh t ha v e the problem

(define (problem transport-beans)

(:domain transport)

(:situation standard-network)

(:init (beans beans27)

(at beans27 chicago))

(:expansion (constrained (tag (carry-in-train

beans27 chicago newyork)

(> end))

(in-context end

:precondition (not (spoiled beans27))))))

The :requirements �eld of a problem de�nition is for the rare case in whic h the goal

or initial conditions sp eci�ed in a problem require some kind of expressiv eness that is not

found in the problem's domain.

The :length �eld of a problem de�nition declares that there is kno wn to b e a solution

of a giv en length; this ma y b e useful to planners that lo ok for solutions b y length.

Unlik e addendum names (see Section 11), problem names are global. Exactly ho w they

are passed to a planner is implemen tation-dep enden t.

14 Scop e of Names

Here is a table sho wing the di�eren t kinds of names and o v er what scop e they are b ound
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Name typ e Sc op e

Reserv ed w ord PDDL language

Domain name Global

T yp e Domain, inherited

Constan t Domain, inherited

Domain v ariable Domain, inherited

Predicate Domain, inherited

Action functor Domain, inherited

Addendum Domain, lo cal

Situation name Domain, inherited

Problem name Global

Metho d name P er action functor

Names with scop e \domain, inherited" are visible in a domain and all its descendan ts.

Names with scop e \domain, lo cal" are visible within a domain but are not visible in descen-

dan t domains. Metho d names are a do cumen tation con v enience, and need ha v e no scop e

except that of the functor of whic h they are metho ds.

There is limited p ossibilit y of o v erloading names in PDDL . The same name ma y b e

used for a global-scop e en tit y (e.g., a problem) and a domain-scop e en tit y (e.g., a predicate).

But the same domain-scop ed name cannot b e used for t w o di�eren t kinds of en tit y . F or

instance, the same name cannot b e used for a t yp e and an action.

The rules for metho d names are lo oser, b ecause they are not true names. The only

restriction is that t w o distinct metho ds for the same action ma y not ha v e the same name.

15 Curren t Requiremen t Flags

Here is a table of all requiremen ts in PDDL 0.0. Some requiremen ts imply others; some

are abbreviations for common sets of requiremen ts. If a domain stipulates no requiremen ts,

it is assumed to declare a requiremen t for :strips .
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R e quir ement Description

:strips Basic STRIPS-st yle adds and deletes

:typing Allo w t yp e names in declarations of v ariables

:disjunctive-preconditions Allo w or in goal descriptions

:equality Supp ort = as built-in predicate

:existential-preconditions Allo w exists in goal descriptions

:universal-preconditions Allo w forall in goal descriptions

:quantified-preconditions = :existential-preconditio ns

+ :universal-preconditions

:conditional-effects Allo w when in action e�ects

:action-expansions Allo w actions to ha v e :expansions

:foreach-expansions Allo w actions expansions to use foreach

(implies :action-expansions )

:dag-expansions Allo w lab eled subactions

(implies :action-expansions )

:domain-axioms Allo w domains to ha v e :axiom s

:subgoal-through-axioms Giv en axioms p � q and goal q , generate subgoal p

:safety-constraints Allo w :safety conditions for a domain

:expression-evaluation Supp ort eval predicate in axioms

(implies :domain-axioms )

:fluents Supp ort t yp e (fluent t ) .

Implies :expression-evaluation

:open-world Don't mak e the \closed-w orld assumption" for all

predicates | i.e., if an atomic form ula is not

kno wn to b e true, it is not necessarily assumed false

:true-negation Don't handle not using negation as failure,

but treat it as in �rst-order logic

(implies :open-world)

:adl = :strips + :typing

+ :disjunctive-preconditio ns

+ :equality

+ :quantified-precondition s

+ :conditional-effects

:ucpop = :adl + :domain-axioms

+ :safety-constraints

16 The Syn tax Chec k er

This section describ es ho w to run the PDDL syn tax c hec k er once y ou ha v e do wnloaded the

tar distribution �le.

The �le p ddl.system con tains a Kan tro witz-defsystem de�nition of pddl-syntax-check

and pddl-solution-check , whic h are the syn tax c hec k er and solution c hec k er, resp ectiv ely .

Adjust the directory names in the calls to MK:DEFSYSTEM , then load in p ddl.system, and do

(MK:COMPILE-SYSTEM 'PDDL-SYNTAX-CHECK)
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If y ou compile and load a �le full of PDDL de�nitions, then the domain will b e de�ned

as y ou exp ect. Ho w ev er, this w orks only if the �le con tains no syn tactic errors. T o �nd and

eliminate errors, use the function

(PDDL-FILE-SYNCHECK <file>)

This will create a new �le with extension \ .chk " whic h is a prett y-prin ted v ersion of

the input, with all syn tactic errors 
agged th us:

<< err or-description : thing >>

where "thing" is a sub expression and "error-description" sa ys what's wrong with it.

The idea is that the \ .chk " �le pla ys the role of the \ .log " �le in LaT eX. Instead of line

n um b ers the system just prin ts the en tire input with errors 
agged. Ho w w ell this w orks

dep ends partly on the qualit y of the prett y-prin ter.

If the global v ariable STRICT* is set to T , the syn tax c hec k er will 
ag violations of

\strictness" as de�ned in Section 4.

The syn tax c hec k er do es a prett y thorough job, although there are a few gaps. In order

to c hec k for correct n um b er of argumen ts to predicates and suc h, it's necessary to store

information ab out domains as they are c hec k ed, so w e ha v e gone all the w a y , and written

the syn tax c hec k er in suc h a w a y that it stores all the information ab out a domain in

v arious data structures, whether the c hec k er itself needs the information or not. Hence a

go o d w a y to implemen t a planner that uses the PDDL notation is to start with the in ternal

data structures con taining the information ab out a domain, and add whatev er indexes the

planner needs for e�ciency .

T o a v oid collisions with users' co de, these data structures are not stored in an y place

that is visible b y acciden t (suc h as sym b ol prop ert y lists). There is a global hash table

PDDL-SYMBOL-TABLE* that con tains all global bindings. Domains are stored in this ta-

ble, and then sym b ols with domain scop e are stored in binding tables asso ciated with the

domain.

17 The Solution Chec k er

The solution c hec k er is another Lisp program. T o compile and load it, follo w the instructions

for the syn tax c hec k er, but do (MK:COMPILE-SYSTEM 'PDDL-SOLUTION-CHECK) at the end.

A solution to a PDDL problem is a pair of items:

1. A primitiv e action se quenc e , i.e., a list of actions that ha v e no expansions.

2. A list of nonprimitiv e actions, called exp ansion hints .

The second comp onen t ma y b e absen t. The �rst ma y , of course, b e empt y , but only if the

problem is trivial.

Supp ose problem P has initial situation S , :goal G , and :expansion E . A solution

with action sequence A and hin ts H solves P if and only if all of the follo wing are true:

1. A is feasible starting in situation S , and in the situation resulting from executing A ,

G is true.
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2. E , and, if presen t, H are executed b y some (not necessarily con tiguous) subsequence

of A .

3. Ev ery action in A that is declared :only-in-expansions o ccurs in one of the subse-

quences instan tiating E or H .

T o run the solution c hec k er, �rst load the domain of the problem in (using PDDL-FILE-SYNCHECK ),

then call

(SOLUTION-CHECK A H P )

where A is the action sequence, H are the hin ts, and P is a problem (or problem name). It

returns T if it can v erify the solution, NIL if it can't. It ma y prin t some helpful messages as

w ell.

As of Release 1.0, the solution c hec k er do es not actually c hec k for the presence of action

expansions. So the H argumen t is ignored.

If the problem de�nition o ccurs in a �le b y itself ( p�le ), and a solution o ccurs in a �le

b y itself ( s�le ), then the pro cedure

(SOLUTION-FILE-CHECK s�le p�le )

will read the �les, de�ne the problem, and run SOLUTION-CHECK on the solution in s�le ,

whic h m ust b e in the form

( step

1

step

2

...

step

k

)

A F ormal De�nition of Action Expansions

An anchor e d action se quenc e is a sequence h S

0

; q

1

; : : : ; q

k

i , where S

0

is a situation, q

1

; : : : ; q

k

are ground action terms, and q

i +1

is feasible in the situation resulting from executing

q

1

; : : : ; q

i

starting in S

0

. W e call this situation r esult

dom

( S

0

; h q

1

; : : : ; q

i

i ), and de�ne it

in the usual w a y . The subscript dom refers to the domain with resp ect to whic h r esult is

de�ned. In what follo ws, w e will abbreviate r esult

dom

( S

0

; h q

1

; : : : ; q

i

i ) as S

i

.

A r e alization within domain dom of an action sp ec A in the anc hored action sequence

h S

0

; q

1

; : : : ; q

k

i is a mapping R whose domain is the set of ordered pairs h E ; � i , where E is a

sub expression of A (de�ned b y p osition, so t w o di�eren t o ccurrences of the same expression

coun t as di�eren t) or an action tag, and � is a substitution; and whose range is a set of

unions of closed in terv als of the r e al in terv al [0 ; k ]. ( Not the in teger in terv al!)

A realization R of A in h S

0

; q

1

; : : : ; q

k

i satis�es sub expression E of A with r esp e ct to

substitution � , if and only if one of the follo wing is true:

1. E is an action-lab el term.

2. E is an o ccurrence of the term (--) , and there is some i; 0 � i � k suc h that

R ( E ; � ) = [ i; i ].
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3. E is a primitiv e action term other than (--) , and there is some i; 1 � i � k suc h that

� ( E ) = q

i

, and R ( E ; � ) = [ i � 1 ; i ].

4. E is a nonprimitiv e action term, with � ( E ) v ariable-free, and there is an expansion A

0

in dom of � ( E ) (that is, an :expansion from the :action de�ning E or a :method for

E ), and a realization R

0

within dom of � ( E ) in h S

0

; q

1

; : : : ; q

k

i , suc h that R ( E ; � ) =

R

0

( � ( E ) ; ; ).

5. E = (series E

1

: : : E

m

) , and for all i , 1 � i � m � 1, R satis�es E

i

with resp ect to

� , and for all i; j; 1 � i < j � m , and for all x

i

2 R ( E

i

; � ) ; x

j

2 R ( E

j

; � ) ; x

i

� x

j

; and

R ( E ; � ) = [

1 � i � m

R ( E

i

; � ).

6. E = (parallel E

1

: : : E

m

) , and for all 1 � i; j � m , R satis�es E

i

with resp ect to

� ; and R ( E ; � ) = [

1 � i � m

R ( E

i

; � ).

7. E = (in-context E

1

a

1

: : : a

l

) , and R satis�es E

1

with resp ect to � , with R ( E ; � ) =

R ( E

1

; � ) and, for eac h a

i

:

� If a

i

= :precondition C , then C is true in S

L

.

� If a

i

= :maintain C , then C is true in S

s

for all in teger s 2 [ L; H ].

where L = min ( R ( E

1

; � )) and H = max( R ( E

1

; � )).

8. E = (choice E

1

: : : E

m

) , and for some i , 1 � i � m , R satis�es E

i

with resp ect to

� , and R ( E ; � ) = R ( E

i

; � ).

9. E = (forsome vars E

1

) , and there is a substitution �

0

extending � b y binding vars ,

suc h that R satis�es E

1

with resp ect to �

0

, and R ( E ; � ) = R ( E

1

; �

0

).

10. E = (foreach vars P E

1

) , and there is a set X of extensions to � suc h that for all

�

0

2 X , �

0

( P ) is ground, suc h that if [ L; H ] = R ( E ; � ), then

L = [

1 � i � m

R ( E

i

; �

0

)

and

X = f �

0

: �

0

extends � b y binding v ars to mak e �

0

( P ) ground and true in S

L

g

11. E = (tag l

1

: : : l

l

E

1

l

l +1

: : : l

m

) , and R satis�es E

1

with resp ect to � , with R ( E ; � ) =

R ( E

1

; � ), and for all i; 1 � i � m ,

� If l

i

= (< l ) , then R ( l ; � ) = [ L; L ].

� If l

i

= (> l ) , then R ( l ; � ) = [ H ; H ].

� Otherwise, R ( l ; � ) = [ L; H ].

where L = min ( R ( E

1

; � )) and H = max( R ( E

1

; � )).

12. E = (constrained E

0

E

1

: : : E

m

) , and for all i; 0 � i � m , R satis�es E

i

with

resp ect to � and R ( E

i

; � ) � R ( E

0

; � ); and R ( E ; � ) = R ( E

0

; � ).
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If R ( E ; � ) is not giv en a v alue b y rep eated application of the rules in the list, then R ( E ; � ) =

; .

Finally , an anc hored action sequence satis�es an action sp ec if the action sp ec has a

realization in to the action sequence that satis�es the en tire action sp ec.

Note that the formal de�nition mak es R ( E ; � ) = ; if there is no o ccurrence of E inside

a foreach or forsome yielding substitution � , or if no action corresp onding to E o ccurs in

the action sequence. Hence if an action sp ec has references to tags from con texts that mak e

no sense, they will b e in terpreted as the empt y set, and b e ignored if used in constrain ts.

(Implemen tators ma y not w an t to implemen t these seman tics.)
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