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Abstract

This do cumen t de�nes the language to b e used in the classical part of the

4th In ternational Planning Comp etition, IPC-4. The language comprises all of

PDDL2.1 lev els 1, 2, and 3, as de�ned b y Maria F o x and Derek Long in [1 ]; parts

of this do cumen t ha v e b een copied from that source. On top of this language, for

IPC-4 derive d pr e dic ates are re-in tro duced, and time d initial liter als are (newly)

in tro duced in to the comp etition language. W e giv e the syn tax and seman tics

of these constructs.

T ec hnical Rep ort No. 195

Rep ort Date Jan uary 21, 2004

1 In tro duction

The 3rd In ternational Planning Comp etition, IPC-3, w as run b y Derek Long and

Maria F o x. The comp etition fo cussed on planning in temp oral and metric domains.

F or that purp ose, F o x and Long dev elop ed the PDDL2.1 language [1], of whic h
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the �rst three levels w ere used in IPC-3. Lev el 1 w as the usual STRIPS and ADL

planning, lev el 2 added n umeric v ariables, lev el 3 added durational constructs.

The 4th In ternational Planning Comp etition, IPC-4, will tak e place alongside

ICAPS-2004. IPC-4 will feature separate parts for classic al and pr ob abilistic plan-

ning. In the do cumen t at hand, w e are only concerned with the classical

part . In this part, it will b e tried to pro vide a useful range of b enc hmark domains,

motiv ated b y applications and in teresting in structure.

In this do cumen t, w e fo cus on the language that will b e used for form ulating the

IPC-4 domains, named PDDL2.2 . As the language extensions made for IPC-3 still

pro vide ma jor c hallenges to the planning comm unit y , the language extensions for

IPC-4 are relativ ely mo derate. The �rst three lev els of PDDL2.1 are in terpreted as

an agreed fundamen t, and k ept as the basis of PDDL2.2. PDDL2.2 also inherits the

separation in to the three lev els. The language features added on top of PDDL2.1

are derive d pr e dic ates (in to lev els 1,2, and 3) and time d initial liter als (in to lev el 3

only). Both of these constructs are practically motiv ated, and will b e put to use in

some of the comp etition domains. Details on the constructs are in the resp ectiv e

sections. Here, let us note that of all domains in IPC-4 that mak e use of these

constructs there will also b e form ulations of these domains w ere the constructs ha v e

b een compiled a w a y (i.e., translated in to arti�cial facts and op erators). So ev ery

planner that can handle the �rst three lev els of PDDL2.1, or a subset

thereof, will ha v e no di�cult y in participating in IPC-4. There will b e less

stress on language co v erage than there w as at IPC-3 (see also Section 4).

Section 2 discusses deriv ed predicates, including a brief description of their syn-

tax, and the de�nition of their seman tics. Section 3 do es the same for timed initial

literals. Section 4 giv es a brief o v erview o v er the o v erall arrangemen ts w e en vision

for the (classical part of ) IPC-4. App endix A pro vides the full BNF syn tax of the

IPC-4 language, PDDL2.2. Please note that this do cumen t is only a draft that has

b een put together for the use of p oten tial IPC-4 participan ts. W e did not ha v e

m uc h time to p olish the presen tation. The seman tic de�nitions w e giv e are done b y

adapting parts of the de�nitions giv en for PDDL2.1 b y F o x and Long in [1 ]. F or full

bac kground information, w e refer the reader to this latter article. If y ou ha v e an y

questions/suggestions/commen ts, please con tact the authors b y e-mail or phone.

2 Deriv ed Predicates

Deriv ed predicates ha v e b een implemen ted in sev eral planning systems in the past,

including e.g. UCPOP [3]. They are predicates that are not a�ected b y an y of the

actions a v ailable to the planner. Instead, the predicate's truth v alues are deriv ed b y

a set of rules of the form if � ( x ) then P ( x ). The seman tics are, roughly , that an
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instance of a deriv ed predicate (a deriv ed predicate whose argumen ts are instan tiated

with constan ts; a fact , for short) is TR UE i� it can b e deriv ed using the a v ailable

rules (more details b elo w).

Under the name \axioms", deriv ed predicates w ere a part of the original PDDL

language de�ned b y McDermott [2] for the �rst planning comp etition, but they

ha v e nev er b een put to use in a comp etition b enc hmark (w e use the name \deriv ed

predicates" instead of \axioms" in order to a v oid confusion with safet y conditions).

Deriv ed predicates com bine sev eral k ey asp ects that mak e them a useful language

extension for IPC-4:

� They are practically motiv ated: in particular, they pro vide a concise and con-

v enien t means to express up dates on the transitiv e closure of a relation. Suc h

up dates o ccur in domains that include structures suc h as paths or 
o ws (elec-

tricit y 
o ws, c hemical 
o ws, etc.); in particular some in teresting domains that

will b e used in IPC-4 include this kind of structure.

� They are also theoretically justi�ed in that compiling them a w a y can b e in-

feasible: Bernhard Neb el pro v ed that, in the w orst case, compiling deriv ed

predicates a w a y results in an exp onen tial blo w up of either the problem de-

scription, or the plan length [4 ].

� Last but not least, deriv ed predicates do not cause a signi�can t implemen tation

o v erhead in, at least, forw ard searc h planners: when the w orld state { the truth

v alues of all non-deriv ed, b asic , predicates { is kno wn, computing the truth

v alues of the deriv ed predicates is conceptually trivial.

IPC-4 will use deriv ed predicates only in the non-durational con text, PDDL2.2

lev el 1, ma yb e also lev el 2. In this con text, deriv ed predicates can b e compiled

a w a y , b y in tro ducing arti�cial actions and facts. As said b efore, in IPC-4 w e in tend

to pro vide the comp etitors that can not handle deriv ed predicates with compiled

form ulations of the resp ectiv e domains (see also Section 4).

Belo w w e de�ne the syn tax and seman tics of deriv ed predicates as will b e used in

IPC-4. (F or completeness, the de�nition also co v ers the durational case, PDDL2.2

lev el 3, ev en though as said w e do not in tend to use this com bination in IPC-4.)

2.1 Syn tax

The BNF de�nition of deriv ed predicates in v olv es just t w o small mo di�cations to

the BNF de�nition of PDDL2.1:

<structure-def> ::=

: derived � predicates

<derived-def>
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The domain �le sp eci�es a list of \structures". In PDDL2.1 these w ere either

actions or durational actions. No w w e also allo w \deriv ed" de�nitions at these

p oin ts.

<derived-def> ::= (:derived <typed list (variable)> <GD>)

The \deriv ed" de�nitions are the \rules" men tioned ab o v e. They simply sp ecify

the predicate P to b e deriv ed (with v ariable v ector x ), and the form ula � ( x ) from

whic h instances of P can b e concluded to b e true. Syn tactically , the predicate and

v ariables are giv en b y the <atomic formula(term)> expression, and the form ula is

giv en b y <GD> (a \goal descrption", i.e. a form ula).

The full BNF de�nitions can b e lo ok ed up in App endix A. The BNF is more

generous than what w e actually allo w in PDDL2.2, resp ectiv ely in IPC-4. W e mak e

a n um b er of restrictions to ensure that the de�nitions mak e sense and are easy to

treat algorithmically . W e call a predicate P derive d if there is a rule that has a

predicate P in its head; otherwise w e call P b asic . The restrictions w e mak e are the

follo wing.

1. The actions a v ailable to the planner do not a�ect the deriv ed predicates: no

deriv ed predicate o ccurs on an y of the e�ect lists of the domain actions.

2. If a rule de�nes that P ( x ) can b e deriv ed from � ( x ), then the v ariables in x

are pairwise di�eren t (and, as the notation suggests, the free v ariables of � ( x )

are exactly the v ariables in x ).

3. If a rule de�nes that P ( x ) can b e deriv ed from � , then the Negation Normal

F orm (NNF) of � ( x ) do es not con tain an y deriv ed predicates in negated form.

The �rst restriction ensures that there is a separation b et w een the predicates

that the planner can a�ect (the basic predicates) and those (the deriv ed predicates)

whose truth v alues follo w from the basic predicates. The second restriction ensures

that the rule righ t hand sides matc h the rule left hand sides. Let us explain the

third restriction. The NNF of a form ula is obtained b y \pushing the negations

do wn w ards", i.e. transforming :8 x : � in to 9 x : ( : � ), :9 x : � in to 8 x : ( : � ),

:

W

�

i

in to

V

( : �

i

), and :

V

�

i

in to

W

( : �

i

). Iterating these transformation steps,

one ends up with a form ula where negations o ccur only in fron t of atomic form ulas

{ predicates with v ariable v ectors, in our case. The form ula con tains a predicate P

in ne gate d form i� there is an o ccurence of P that is negated. By requiring that

the form ulas in the rules (that deriv e predicate v alues) do not con tain an y deriv ed

predicates in negated form, w e ensure that there can not b e an y negativ e in teractions

b et w een applications of the rules (see the seman tics b elo w).
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An example of a deriv ed predicate is the \ab o v e" predicate in the Blo c ksw orld ,

whic h is true b et w een blo c ks x and y whenev er x is transitiv ely (p ossibly with some

blo c ks in b et w een) on y . Using the deriv ed predicates syn tax, this predicate can b e

de�ned as follo ws.

(:derived (above ?x ?y)

(or (on ?x ?y)

(exists (?z) (and (on ?x ?z)

(above ?z ?y)))))

Note that form ulating the truth v alue of \ab o v e" in terms of the e�ects of the

normal Blo c ksw orld actions is v ery a wkw ard (the uncon vinced reader is in vited to

try). The predicate is the transitiv e closure of the \on" relation. Basically , this {

enco ding of transitiv e closures { is what w e in tend to use deriv ed predicates for in

IPC-4.

2.2 Seman tics

W e no w describ e the up dates that need to b e made to the PDDL2.1 seman tics de�-

nitions giv en b y F o x and Long in [1 ]. W e in tro duce formal notations to capture the

seman tics of deriv ed predicates. W e then \ho ok" these seman tics in to the PDDL2.1

language b y mo difying t w o of the de�nitions in [1 ].

Sa y w e are giv en the truth v alues of all (instances of the) basic predicates, and

w an t to compute the truth v alues of the (instances of the) deriv ed predicates from

that. W e are in this situation ev ery time w e ha v e applied an action, or parallel action

set. (In the durational con text, w e are in this situation at the \happ enings" in our

curren t plan, that is ev ery time a durativ e action starts or �nishes.) F ormally , what

w e w an t to ha v e is a function D that maps a set of basic facts (instances of basic

predicates) to the same set but enric hed with deriv ed facts (the deriv able instances

of the deriv ed predicates). Assume w e are giv en the set R of rules for the deriv ed

predicates, where the elemen ts of R ha v e the form ( P ( x ) ; � ( x )) { if � ( x ) then P ( x ).

Then D ( s ), for a set of basic facts s , is de�ned as follo ws.

D ( s ) :=

\

f s

0

j s � s

0

; 8 ( P ( x ) ; � ( x )) 2 R : 8 c; j c j = j x j : ( s

0

j = � ( c ) ) P ( c ) 2 s

0

) g

This de�nition uses the standard notations of the mo delling relation j = b et w een

states (represen ted as sets of facts in our case) and form ulas, and of the substitution

� ( c ) of the free v ariables in form ula � ( x ) with a constan t v ector c . In w ords, D ( s )

is the in tersection of all sup ersets of s that are closed under application of the rules

R .
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Remem b er that w e restrict the rules to not con tain an y deriv ed predicates in

negated form. This implies that the order in whic h the rules are applied to a state

do es not matter (w e can not \lose" an y deriv ed facts b y deriving other facts �rst).

This, in turn, implies that D ( s ) is itself closed under application of the rules R . In

other w ords, D ( s ) is the least �xed p oin t o v er the p ossible applications of the rules

R to the state where all deriv ed facts are assumed to b e F ALSE (represen ted b y

their not b eing con tained in s ).

More constructiv ely , D ( s ) can b e computed b y the follo wing simple pro cess.

s

0

:= s

do

select a rule ( P ( x ) ; � ( x )) and a v ector c of constan ts, j c j = j x j ,

suc h that s

0

j = � ( c )

let s

0

:= s

0

[ f P ( c ) g

un til no appropriate rule and constan t v ector could b e selected

let D ( s ) := s

0

In w ords, apply the applicable rules in an arbitrary order un til no new facts can

b e deriv ed an ymore.

W e can no w sp ecify what an executable plan is in PDDL2.1 with deriv ed predi-

cates. All w e need to do is to ho ok the function D in to De�nition 13, \Happ ening

Execution", in [1 ]. By this de�nition, F o x and Long de�ne the state transitions in a

plan. The happ enings in a (temp oral or non-temp oral) plan are all time p oin ts at

whic h at least one action e�ect o ccurs. F o x and Long's de�nition is this:

De�nition 13 Happ ening Execution (F o x and Long [1 ])

Given a state, ( t; s; x ) and a happ ening, H , the activit y for H is the set of gr ounde d

actions

A

H

= f a j the name for a is in H , a is valid and P r e

a

is satis�e d in ( t; s; x ) g

The result of executing a happ ening , H , asso ciate d with time t

H

, in a state

( t; s; x ) is unde�ne d if j A

H

j 6= j H j or if any p air of actions in A

H

is mutex. Other-

wise, it is the state ( t

H

; s

0

; x

0

) wher e

s

0

= ( s n

[

a 2 A

H

D el

a

) [

[

a 2 A

H

Add

a

( � � � )

and x

0

is the r esult of applying the c omp osition of the functions f NPF

a

j a 2 A

H

g to

x .

6



Note that the happ enings consist of grounded actions, i.e. all op erator param-

eters are instan tiated with constan ts. T o in tro duce the seman tics of deriv ed pred-

icates, w e no w mo dify the result of executing the happ ening. (W e will also adapt

the de�nition of m utex actions, see b elo w.) The result of executing the happ ening

is no w obtained b y applying the actions to s , then subtracting all deriv ed facts from

this, then applying the function D . That is, in the ab o v e de�nition w e replace ( � � � )

with the follo wing:

s

0

= D ((( s n

[

a 2 A

H

D el

a

) [

[

a 2 A

H

Add

a

) n D )

where D denotes the set of all deriv ed facts. If there are no deriv ed predicates, D is

the empt y set and D is the iden tit y function.

As an example, sa y w e ha v e a Blo c ksw orld instance where A is on B is on C, s =

f cl ear ( A ), on ( A; B ), on ( B ; C ), ontabl e ( C ), abov e ( A; B ), abov e ( B ; C ), abov e ( A; C ) g ,

and our happ ening applies an action that mo v es A to the table. Then the happ ening

execution result will b e computed b y remo ving on ( A; B ) from s , adding cl ear ( B )

and ontabl e ( A ) in to s , remo ving all of abov e ( A; B ), abov e ( B ; C ), and abov e ( A; C )

from s , and applying D to this, whic h will re-in tro duce (only) abov e ( B ; C ). So s

0

will b e s

0

= f cl ear ( A ) ; ontabl e ( A ) ; cl ear ( B ) ; on ( B ; C ) ; ontabl e ( C ) ; abov e ( B ; C ) g .

By the de�nition of happ ening execution, F o x and Long [1 ] de�ne the state

transitions in a plan. The de�nitions of what an executable plan is, and when a

plan ac hiev es the goal, are then standard. The plan is exe cutable if the result of all

happ enings in the plan is de�ned. This means that all action preconditions ha v e to

b e ful�lled in the state of execution, and that no t w o pairs of actions in a happ ening

are mutex . The plan achieves the go al if the goal holds true in the state that results

after the execution of all actions in the plan.

With our ab o v e extension of the de�nition of happ ening executions, the de�-

nitions of plan executabilit y and goal ac hiev emen t need not b e c hanged. W e do,

ho w ev er, need to adapt the de�nition of when a pair of actions is m utex. This is

imp ortan t if the happ enings can con tain more than one action, i.e. if w e consider

parallel (e.g. Graphplan-st yle) or concurren t (durational) planning. F o x and Long

[1 ] giv e a conserv ativ e de�nition that forbids the actions to in teract in an y p ossible

w a y . The de�nition is the follo wing.

De�nition 12 Mutex Actions (F o x and Long [1])

Two gr ounde d actions, a and b ar e non-in terfering if

GP r e

a

\ ( Add

b

[ D el

b

) = GP r e

b

\ ( Add

a

[ D el

a

) = ; ( � � � )

Add

a

\ D el

b

= Add

b

\ D el

a

= ;

L

a

\ R

b

= R

a

\ L

b

= ;

L

a

\ L

b

� L

�

a

[ L

�

b
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If two actions ar e not non-interfering they ar e m utex .

Note that the de�nition talks ab out grounded actions where all op erator param-

eters are instan tiated with constan ts. L

a

, L

b

, R

a

, and R

b

refer to the left and righ t

hand side of a 's and b 's n umeric e�ects. Add

a

/ Add

b

and D el

a

/ D el

b

are a 's and

b 's p ositiv e (add) resp ectiv ely negativ e (delete) e�ects. GP r e

a

/ Gpr e

b

denotes all

(ground) facts that o ccur in a 's/ b 's precondition. If a precondition con tains quan-

ti�ers then these are grounded out ( 8 x transforms to

V

c

i

, 9 x transforms to

W

c

i

where the c

i

are all ob jects in the giv en instance), and GP r e is de�ned o v er the

resulting quan ti�er-free (and th us v ariable-free) form ula. Note that this de�nition

of m utex actions is v ery conserv ativ e { if, e.g., fact F o ccurs only p ositiv ely in a 's

precondition, then it do es not matter if F is among the add e�ects of b . The con-

serv ativ e de�nition has the adv an tage that it mak es it algorithmically v ery easy to

�gure out if or if not a and b are m utex.

In the presence of deriv ed predicates, the ab o v e de�nition needs to b e extended

to exclude p ossible in teractions that can arise indirectly due to deriv ed facts, in

the precondition of the one action, whose truth v alue dep ends on the truth v alue of

(basic) facts a�ected b y the e�ects of the other action. In the same spirit in that F o x

and Long forbid an y p ossibilit y of direct in teraction, w e no w forbid an y p ossibilit y

of indirect in teraction. Assume w e ground out all rules ( P ( x ) ; � ( x )) for the deriv ed

predicates, i.e. w e insert all p ossible v ectors c of constan ts; w e also ground out the

quan ti�ers in the form ulas � ( c ), ending up with v ariable free rules. W e de�ne a

directed graph where the no des are (ground) facts, and an edge from fact F to fact

F

0

is inserted i� there is a grounded rule ( P ( c ) ; � ( c )) suc h that F

0

= P ( c ), and F

o ccurs in � ( c ). No w sa y w e ha v e an action a , where all ground facts o ccuring in a 's

precondition are, see ab o v e, denoted b y GP r e

a

. By D P r e

a

w e denote all ground

facts that can p ossibly in
uence the truth v alues of the deriv ed facts in GP r e

a

:

D P r e

a

:= f F j there is a path from F to some F

0

2 GP r e

a

g

The de�nition of m utex actions is no w up dated simply b y replacing, in the ab o v e

de�nition, ( � � � ) with:

( D P r e

a

[ GP r e

a

) \ ( Add

b

[ D el

b

) = ( D P r e

b

[ GP r e

b

) \ ( Add

a

[ D el

a

) = ;

Note that what w e de�ne are, as b efore, m utexes b et w een actions, not (as some

p eople sp eculated in individual discussions w e had) m utexes b et w een actions and

rules (that deriv e predicates). As an example, reconsider the Blo c ksw orld and the

\ab o v e" predicate. Assume that the action that mo v es a blo c k A to the table requires

as an additional, deriv ed, precondition, that A is ab o v e some third blo c k. Then, in

principle, t w o actions that mo v e t w o di�eren t blo c ks A and B to the table can b e
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executed in parallel. Whic h blo c k A ( B ) is on can in
uence the abov e relations in

that B ( A ) participates; ho w ev er, this do es not matter b ecause if A and B can b e

b oth mo v ed then this implies that they are b oth clear, whic h implies that they are

on top of di�eren t stac ks an yw a y . W e observ e that the latter is a statemen t ab out

the domain seman tics that either requires non-trivial reasoning, or access to the

w orld state in whic h the actions are executed. In order to a v oid the need to either

do non-trivial reasoning ab out domain seman tics, or resort to a forw ard searc h, our

de�nition is the conserv ativ e one giv en ab o v e. The de�nition mak es the actions

mo ving A and B m utex on the grounds that they can p ossibly in
uence eac h other's

deriv ed preconditions.

Let us remark explicitly that the de�nition adaptions describ ed ab o v e su�ce

to de�ne the seman tics of deriv ed predicates for the whole of PDDL2.2. F o x and

Long reduce the temp oral case to the case of simple plans ab o v e, so b y adapting the

simple-plan de�nitions w e ha v e automatically adapted the de�nitions of the more

complex cases. In the temp oral setting, PDDL2.2 lev el 3, the deriv ed predicates

seman tics are that their v alues are computed anew at eac h happ ening in the plan

where an action e�ect o ccurs. As said b efore, the IPC-4 domains will, ho w ev er,

not use deriv ed predicates in the durational con text. (P artly b ecause w e don't

ha v e a domain where w e need b oth durations and deriv ed predicates, and partly

b ecause compiling deriv ed predicates a w a y is not easily p ossibly in the presence of

durations, where the actions that the compilation in tro duces tak e time, and time

can b e critical.)

3 Timed Initial Literals

Timed initial literals are a syn tactically v ery simple w a y of expressing a certain

restricted form of exogenous ev en ts: facts that will b ecome TR UE or F ALSE at

time p oin ts that are kno wn to the planner in adv ance, indep enden tly of the actions

that the planner c ho oses to execute. Timed initial literals are th us deterministic

unconditional exogenous ev en ts. Syn tactically , w e simply allo w the initial state to

sp ecify { b eside the usual facts that are true at time p oin t 0 { literals that will

b ecome true at time p oin ts greater than 0.

Timed initial literals are practically v ery relev an t: in the real w orld, determinis-

tic unconditional exogenous ev en ts are v ery common, t ypically in the form of time

windo ws (within whic h a shop has op ened, within whic h h umans w ork, within whic h

tra�c is slo w, within whic h there is da yligh t, within whic h a seminar ro om is o ccu-

pied, within whic h nob o dy answ ers their mail b ecause they are all at conferences,

etc.).

IPC-4 will use timed initial literals only in the durational con text, PDDL2.2
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lev el 3. As said b efore, w e in tend to pro vide the comp etitors that can not handle

timed initial literals with compiled form ulations of the resp ectiv e domains (see also

Section 4). Belo w w e de�ne the syn tax and seman tics of deriv ed predicates as will

b e used in IPC-4.

3.1 Syn tax

As said, the syn tax simply allo ws literals with time p oin ts in the initial state.

<init> ::= (:init <init-el>

�

)

<init-el> ::=

: timed � initial � literals

(at <number> <literal(name)> )

The requiremen t 
ag for timed initial literals implies the requiremen t 
ag for

durational actions (see also Section A.6), i.e. as said the language construct is only

a v ailable in PDDL2.2 lev el 3. The times <number> at whic h the timed literals o ccur

are restricted to b e greater than 0. If there are also deriv ed predicates in the domain,

then the timed literals are restricted to not in
uence an y of these, i.e., lik e action

e�ects they are only allo w ed to a�ect the truth v alues of the basic (non-deriv ed)

predicates (IPC-4 will not use b oth deriv ed predicates and timed initial literals

within the same domain).

As an illustrativ e example, consider a planning task where the goal is to b e done

with the shopping. There is a single action go-shopping that ac hiev es the goal, and

requires the (single) shop to b e op en as the precondition. The shop op ens at time 9

relativ e to the initial state, and closes at time 20. W e can express the shop op ening

times b y t w o timed initial literals:

(:init

(at 9 (shop-open))

(at 20 (not (shop-open)))

)

Note that what w e express this w a y is basically a time windo w. This { expressing

time windo ws { is what timed initial literals will b e used for in IPC-4.

3.2 Seman tics

W e no w describ e the up dates that need to b e made to the PDDL2.1 seman tics

de�nitions giv en b y F o x and Long in [1 ]. Adapting t w o of the de�nitions su�ces.

The �rst de�nition w e need to adapt is the one that de�nes what a \simple plan",

and its happ ening sequence, is. The original de�nition b y F o x and Long is this.
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De�nition 11 Simple Plan (F o x and Long [1 ])

A simple plan , S P , for a planning instanc e, I , c onsists of a �nite c ol le ction of timed

simple actions which ar e p airs ( t; a ) , wher e t is a r ational-value d time and a is an

action name.

The happ ening sequence , f t

i

g

i =0 ::: k

for S P is the or der e d se quenc e of times in

the set of times app e aring in the time d simple actions in S P . A l l t

i

must b e gr e ater

than 0 . It is p ossible for the se quenc e to b e empty (an empty plan).

The happ ening at time t , E

t

, wher e t is in the happ ening se quenc e of S P , is the

set of (simple) action names that app e ar in time d simple actions asso ciate d with the

time t in S P .

In the STRIPS case, the time stamps are the natural n um b ers 1 ; : : : ; n when

there are n actions/parallel action sets in the plan. The happ enings then are the

actions/parallel action sets at the resp ectiv e time steps. F o x and Long reduce the

temp oral planning case to the simple plan case de�ned here b y splitting eac h dura-

tional action up in to at least t w o simple actions { the start action, the end action,

and p ossibly sev eral actions in b et w een that guard the durational action's in v arian ts

at the p oin ts where other action e�ects o ccur. So in the temp oral case, the happ en-

ing sequence is comprised of all time p oin ts at whic h \something happ ens", i.e. at

whic h some action e�ect o ccurs.

T o in tro duce our in tended seman tics of timed initial literals, all w e need to do to

this de�nition is to in tro duce additional happ enings in to the temp oral plan, namely

the time p oin ts at whic h some timed initial literal o ccurs. The timed initial literals

can b e in terpreted as simple actions that are forced in to the resp ectiv e happ enings

(rather than selected in to them b y the planner), whose precondition is true, and

whose only e�ect is the resp ectiv e literal. The rest of F o x and Long's de�nitions

then carry o v er directly (except goal ac hiev emen t, whic h in v olv es a little care, see

b elo w). The PDDL2.2 de�nition of simple plans is this here.

De�nition 11 Simple Plan

A simple plan , S P , for a planning instanc e, I , c onsists of a �nite c ol le ction of timed

simple actions which ar e p airs ( t; a ) , wher e t is a r ational-value d time and a is an

action name. By t

end

we denote the lar gest time t in S P , or 0 if S P is empty.

L et T L b e the (�nite) set of al l time d initial liter als, given as p airs ( t; l ) wher e

t is the r ational-value d time of o c cur enc e of the liter al l . We identify e ach time d

initial liter al ( t; l ) in T L with a uniquely name d simple action that is asso ciate d with

time t , whose pr e c ondition is TR UE, and whose only e�e ct is l .

The happ ening sequence , f t

i

g

i =0 ::: k

for S P is the or der e d se quenc e of times in

the set of times app e aring in the time d simple actions in S P and T L . A l l t

i

must

b e gr e ater than 0 . It is p ossible for the se quenc e to b e empty (an empty plan).
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The happ ening at time t , E

t

, wher e t is in the happ ening se quenc e of S P , is the

set of (simple) action names that app e ar in time d simple actions asso ciate d with the

time t in S P or T L .

Th us the happ enings in a temp oral plan are all p oin ts in time where either an

action e�ect, or a timed literal, o ccurs. The timed literals are simple actions forced

in to the plan. With this construction, F o x and Long's De�nitions 12 (Mutex Actions)

and 13 (Happ ening Execution), as describ ed (and adapted to deriv ed predicates) in

Section 2.2, can b e k ept unc hanged. They state that no action e�ect is allo w ed to

in terfere with a timed initial literal, and that the timed initial literals are true in

the state that results from the execution of the happ ening they are con tained in.

F o x and Long's De�nition 14 (Executabilit y of a plan) can also b e k ept unc hanged

{ the timed initial literals c hange the happ enings in the plan, but not the conditions

under whic h a happ ening can b e executed.

The only de�nition w e need to re-think is that of what the makesp an of a v alid

plan is. In F o x and Long's original de�nition, this is implicit in the de�nition of

v aild plans. The de�nition is this.

De�nition 15 V alidit y of a Simple Plan (F o x and Long [1 ])

A simple plan (for a planning instanc e, I ) is v alid if it is exe cutable and pr o duc es a

�nal state S , such that the go al sp e ci�c ation for I is satis�e d in S .

The mak espan of the v alid plan is accessible in PDDL2.1 and PDDL2.2 b y the

\total-time" v ariable that can b e used in the optimization expression. Naturally ,

F o x and Long tak e the mak espan to b e the end of the plan, the time p oin t of the

plan's �nal state.

In the presence of timed initial literals, the question of what the plan's mak espan

is b ecomes a little more subtle. With F o x and Long's ab o v e original de�nition, the

mak espan w ould b e the end of all happ enings in the simple plan, whic h include all

timed initial literals (see the revised De�nition 11 ab o v e). So the plan w ould at

least tak e as long as it tak es un til no more timed literals o ccur. But a plan migh t b e

�nished long b efore that { imagine something that needs to b e done while there is

da yligh t; certainly the plan do es not need to w ait un til sunset. W e therefore de�ne

the mak espan to b e the earliest p oin t in time at whic h the goal condition b ecomes

(and remains) true. F ormally this reads as follo ws.

De�nition 15 V alidit y and Mak espan of a Simple Plan

A simple plan (for a planning instanc e, I ) is v alid if it is exe cutable and pr o duc es

a �nal state S , such that the go al sp e ci�c ation for I is satis�e d in S . The plan 's

mak espan is the smal lest t � t

end

such that, for al l happ enings at times t

0

� t in

the plan 's happ ening se quenc e, the go al sp e ci�c ation is satis�e d after exe cution of the

happ ening.
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Remem b er that t

end

denotes the time of the last happ ening in the plan that

con tains an e�ect caused b y the plan's actions { in simpler terms, t

end

is the end

p oin t of the plan. What the de�nition sa ys is that the plan is v alid if, at some

time p oin t t after the plan's end, the goal condition is ac hiev ed and remains true

un til after the last timed literal has o ccured. The plan's mak espan is the �rst suc h

time p oin t t . Note that the planner can \use" the ev en ts to ac hiev e the goal, b y

doing nothing un til a timed literal o ccurs that mak es the goal condition true { but

then the w aiting time un til the nearest suc h timed literal is coun ted in to the plan's

mak espan. (The latter is done to a v oid situations where the planner could prefer

to w ait millions of y ears rather than just applying a single action itself.) Please

remem b er that the mak espan of the plan, de�ned as ab o v e, is what can b e

denoted b y total-time in the optimization expression de�ned with the

problem instance .

In conclusion of our description of the new language features in PDDL2.2, let us

reiterate that the full BNF syn tax for PDDL2.2 is con tained in App endix A, and

that the full de�nition of the PDDL2.2 seman tics results from the de�nitions giv en

b y F o x and Long for PDDL2.1 in [1], when extending F o x and Long's de�nitions as

describ ed ab o v e in this do cumen t. W e no w close the do cumen t with an outline of

our plans for the classical part of IPC-4.

4 IPC-4 (Classical P art) Ov erview

The main e�ort made in the preparation of the classical part of IPC-4 is an at-

tempt to come up with an in teresting range of b enc hmark domains: domains that

are motiv ated b y applications, and that are in teresting in structure. W e exp ect to

use b et w een �v e and eigh t domains in the comp etition. Of eac h domain there will

b e di�eren t v ersions , di�ering in terms of the (n um b er of ) problem constrain ts

they consider. Of eac h domain v ersion, there will b e di�eren t form ulations , dif-

fering in terms of the language used to form ulate the (same) problem constrain ts.

(F orm ulations of complex problem constrain ts in more primitiv e languages suc h as

STRIPS will b e made b y compiling do wn from the instances form ulated in ric her

languages suc h as ADL.) W e in tend to let the comp etitors c ho ose whic hev er form u-

lation of a domain v ersion they can handle b est/handle at all. The results for one

domain version will then b e ev aluated together (irresp ectiv e of the formulation used

b y the individual planners). W e exp ect to use t w o domains whose most natural (and

concise) form ulation features deriv ed predicates, and t w o domains where the most

natural form ulation (of the most complex domain v ersion) uses timed initial liter-

als. As said b efore, of all domain v ersions that use one of the new language

features, w e will also pro vide form ulations where these new features ha v e
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b een compiled a w a y . As an example, of a domain w e migh t ha v e the three dif-

feren t v ersions non-temp oral , temp oral , temp oral with time windo ws . In eac h of

the v ersions w e migh t ha v e a form ulation that uses ADL, and a form ulation where

ADL has b een compiled in to STRIPS. In the temp oral v ersion with time windo ws,

one form ulation w ould use timed initial literals to enco de the time windo ws, while

another form ulation w ould enco de the time windo ws b y arti�cial facts and actions.

A bulleted list of the main p oin ts w e will b e trying to mak e is this here:

� A structurally in teresting range of b enc hmark domains that, in their most

complex v ersions, come close (that is, as close as feasible in the con text of the

comp etition) to existing applications of planning.

� Mak e the parsing/language (implemen tation) barrier less prohibitiv e b y pro-

viding compiled form ulations of the domains.

� Less stress on co v erage than at IPC-3: when using compiled domain form u-

lations (rather than simpli�ed domain form ulations, as has traditionally b een

done) in more primitv e languages, ev en the STRIPS domains will constitute an

in teresting range of b enc hmark problems, and go o d p erformance across them

will b e honoured.

� Reviving optimal planning: w e will mak e sure that in all domain v ersions there

are enough smaller instances to obtain meaningful data to compare optimal

planners { planners that pro v e a guaran tee on the qualit y of the found solution

(suc h planners t ypically do not scale as far as the sub-optimal approac hes).

W e in tend to giv e a separate price to the b est (most e�cien t) optimal planner

in IPC-4.

F or more, and up-to-date, details on the main asp ects of (the classical part

of ) IPC-4, in particular for do wnloads of testing examples sho wing the language

features and compilations w e in tend to use, please consider the IPC-4 w eb page at

http://ipc.icaps-conferen ce.o rg/
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A BNF Description of PDDL2.2

This app endix con tains a complete BNF sp eci�cation of the PDDL2.2 language.

This is the same as the �rst three lev els of PDDL2.1 (the language used in the IPC-

3 domains), plus the p ossibilities to de�ne deriv ed predicates, and timed literals.

Lev el 4 of pddl2.1 (con tin uous e�ects) has b een skipp ed as the IPC-4 committee

considered it a to o signi�can t comp etition language extension at the curren t p oin t

in time. Note that this do es not exclude the p ossibilit y to in tro duce PDDL2.1 lev el

4 in to the languages of future comp etitions.

F or readabilit y , in the follo wing w e mark with ( � � � ) the p oin ts in the BNF where

the new language constructs of PDDL2.2 are inserted.

A.1 Domains

Domains are de�ned exactly as in PDDL2.2, except that w e no w also allo w to de�ne

rules for deriv ed predicates at the p oin ts where op erators (actions) are allo w ed.
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<domain> ::= (define (domain <name>)

[<require-def>]

[<types-def>]

: typing

[<constants-def> ]

[<predicates-def >]

[<functions-def> ]

: fl uents

<structure-def>

�

)

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

+

)

<require-key> ::= See Section A.6

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

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

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

+

)

<atomic formula skeleton>

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

<predicate> ::= <name>

<variable> ::= ?<name>

<atomic function skeleton>

::= (<function-symb ol> <typed list (variable)>)

<function-symbo l> ::= <name>

<functions-def> ::=

: fluents

(:functions <function typed list

(atomic function skeleton)>)

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

<structure-def> ::=

: durative � actions

<durative-actio n-d ef >

( � � � ) <structure-def> ::=

: derived � predicates

<derived-def>

<typed list ( x )> ::= x

�

<typed list ( x )> ::=

: typing

x

+

- <type> <typed list( x )>

<primitive-type > ::= <name>

<type> ::= (either <primitive-type>

+

)

<type> ::= <primitive-type>

<function typed list ( x )> ::= x

�

<function typed list ( x )> ::=

: typing

x

+

- <function type>

<function typed list( x )>

<function type> ::= number

A.2 Actions

The BNF for an action de�nition is the same as in PDDL2.2.

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

:parameters ( <typed list (variable)> )

<action-def body>)

<action-symbol> ::= <name>

<action-def body> ::= [:precondition <GD>]

[:effect <effect>]
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<GD> ::= ()

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

<GD> ::=

: negative � preconditions

<literal(term)>

<GD> ::= (and <GD>

�

)

<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> )

<GD> ::=

: fluents

<f-comp>

<f-comp> ::= (<binary-comp> <f-exp> <f-exp>)

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

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

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

�

)

<term> ::= <name>

<term> ::= <variable>

<f-exp> ::= <number>

<f-exp> ::= (<binary-op> <f-exp> <f-exp>)

<f-exp> ::= (- <f-exp>)

<f-exp> ::= <f-head>

<f-head> ::= (<function-symbo l> <term>

�

)

<f-head> ::= <function-symbol >

<binary-op> ::= +

<binary-op> ::= �

<binary-op> ::= �

<binary-op> ::= =

<binary-comp> ::= >

<binary-comp> ::= <

<binary-comp> ::= =

<binary-comp> ::= > =

<binary-comp> ::= < =

<number> ::= Any numeric literal

(integers and floats of form n:n ).

<effect> ::= ()

<effect> ::= (and <c-effect>

�

)

<effect> ::= <c-effect>

<c-effect> ::=

: conditional � effects

(forall (<variable>

�

) <effect>)

<c-effect> ::=

: conditional � effects

(when <GD> <cond-effect>)

<c-effect> ::= <p-effect>

<p-effect> ::= (<assign-op> <f-head> <f-exp>)

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

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

<p-effect> ::=

: fluents

(<assign-op> <f-head> <f-exp>)
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<cond-effect> ::= (and <p-effect>

�

)

<cond-effect> ::= <p-effect>

<assign-op> ::= assign

<assign-op> ::= scale-up

<assign-op> ::= scale-down

<assign-op> ::= increase

<assign-op> ::= decrease

A.3 Durativ e Actions

Durativ e actions are the same as in PDDL2.2, except that w e restrict ourselv es to

lev el 3 actions, where the duration is giv en as the �xed v alue of a n umeric expression

(rather than as the p ossible v alues de�ned b y a set of constrain ts). This sligh tly

simpli�es the BNF.

<durative-actio n-d ef > ::= (:durative-actio n <da-symbol>

:parameters ( <typed list (variable)> )

<da-def body>)

<da-symbol> ::= <name>

<da-def body> ::= :duration (= ?duration <f-exp>)

:condition <da-GD>

:effect <da-effect>

<da-GD> ::= ()

<da-GD> ::= <timed-GD>

<da-GD> ::= (and <timed-GD>

+

)

<timed-GD> ::= (at <time-specifier> <GD>)

<timed-GD> ::= (over <interval> <GD>)

<time-specifier > ::= start

<time-specifier > ::= end

<interval> ::= all

A.4 Deriv ed predicates

As said, rules for deriv ed predicates can b e giv en in the domain description at the

p oin ts where actions are allo w ed. The BNF is:

( � � � ) <derived-def> ::= (:derived <typed list (variable)> <GD>)

Note that w e allo w the sp eci�cation of t yp es with the deriv ed predicate argu-

men ts. This migh t seem redundan t as the predicate t yp es are already declared in
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the :predicates �eld. Allo wing to sp ecify t yp es with the predicate (rule) \param-

eters" serv es to giv e the language a more uni�ed lo ok-and-feel, and one migh t use

the option to mak e the parameter ranges more restrictiv e. (Remem b er that the

sp eci�cation of t yp es is optional, not manadatory .)

Rep eating what has b een said in Section 2.1, this BNF is more generous than

what is considered a w ell-formed domain description in PDDL2.2. W e call a predi-

cate P derive d if there is a rule that has a predicate P in its head; otherwise w e call

P b asic . The restrictions w e apply are:

1. The actions a v ailable to the planner do not a�ect the deriv ed predicates: no

deriv ed predicate o ccurs on an y of the e�ect lists of the domain actions.

2. If a rule de�nes that P ( x ) can b e deriv ed from � ( x ), then the v ariables in x

are pairwise di�eren t (and, as the notation suggests, the free v ariables of � ( x )

are exactly the v ariables in x ).

3. If a rule de�nes that P ( x ) can b e deriv ed from � , then the Negation Normal

F orm (NNF) of � ( x ) do es not con tain an y deriv ed predicates in negated form.

A.5 Problems

The only c hange made to PDDL2.1 in the problem description is that w e allo w the

sp eci�cation of timed initial literals.

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

(:domain <name>)

[<require-def>]

[<object declaration> ]

<init>

<goal>

[<metric-spec>]

[<length-spec> ])

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

<init> ::= (:init <init-el>

�

)

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

<init-el> ::=

: fluents

(= <f-head> <number>)

( � � � ) <init-el> ::=

: timed � initial � literals

(at <number> <literal(name)>)

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

<metric-spec> ::= (:metric <optimization> <ground-f-exp>)

<optimization> ::= minimize

<optimization> ::= maximize

<ground-f-exp> ::= (<binary-op> <ground-f-exp> <ground-f-exp>)

<ground-f-exp> ::= (- <ground-f-exp>)
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<ground-f-exp> ::= <number>

<ground-f-exp> ::= (<function-symbol > <name>

�

)

<ground-f-exp> ::= total-time

<ground-f-exp> ::= <function-symbol>

Rep eating what has b een said in Section 2.1, the requiremen t 
ag for timed initial

literals implies the requiremen t 
ag for durational actions (see also Section A.6),

i.e. the language construct is only a v ailable in PDDL2.2 lev el 3. Also, the ab o v e

BNF is more generous than what is considered a w ell-formed problem description

in PDDL2.2. The times <number> at whic h the timed literals o ccur are restricted

to b e greater than 0. If there are also deriv ed predicates in the domain, then the

timed literals are restricted to not in
uence an y of these, i.e., lik e action e�ects

they are only allo w ed to a�ect the truth v alues of the basic (non-deriv ed) predicates

(IPC-4 will not use b oth deriv ed predicates and timed initial literals within the same

domain).

A.6 Requiremen ts

Here is a table of all requiremen ts in PDDL2.2. 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

:negative-precon dit io ns Allo w not in goal descriptions

:disjunctive-pre con di tio ns Allo w or in goal descriptions

:equality Supp ort = as built-in predicate

:existential-pre con di tio ns Allo w exists in goal descriptions

:universal-preco ndi ti ons Allo w forall in goal descriptions

:quantified-prec ond it ion s = :existential-prec on di tio ns

+ :universal-precon di ti ons

:conditional-eff ect s Allo w when in action e�ects

:fluents Allo w function de�nitions and use of e�ects using

assignmen t op erators and arithmetic preconditions.

:adl = :strips + :typing

+ :negative-precond it io ns

+ :disjunctive-prec on di tio ns

+ :equality

+ :quantified-preco nd it ion s

+ :conditional-effe ct s

:durative-action s Allo ws durativ e actions.

Note that this do es not imply :fluents .

:derived-predica tes Allo ws predicates whose truth v alue is

de�ned b y a form ula

:timed-initial-l ite ra ls Allo ws the initial state to sp ecify literals

that will b ecome true at a sp eci�ed time p oin t

implies durative actions (i.e. applicable only

in PDDL2.2 lev el 3)
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