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Abstract There is controversy as to whether explicit supportfooL-like axioms and derived predicates

is needed for planners to handle real-world domains effectively. Many researchers have deplored the lack
of precise semantics for such axioms, while others have argued that they are a non-essential feature which
is best compiled away. We propose an adequate semantiesfaraxioms and show that they are an

essential feature by proving that it is impossible to compile them away if we restrict the growth of plans

and domain descriptions to be polynomial. These results suggest that adding a reasonable implementation
to handle axioms inside the planner is beneficial for the performance. Our experiments confirm this

suggestion.



1 Motivation

It is not uncommon for planners to suppdedrivedpredicates, whose truth in the current state is
inferred from that of soméasicpredicates via somaxiomsunder the closed world assumption.
While basic predicates may appear as effects of actions, derived ones may only be used in precon-
ditions, effect contexts and goals. Planners in this family include the partial order plaorer
[Barrettet al, 1995, theHTN plannersHoP[Nauet al, 1999, and the heuristic search planner

GPT [Bonet and Geffner, 20Q1to cite but a few. The original version @bl [McDermott,

1999, the International Planning Competition language, also featured such axioms and derived
predicates. However, these were never used in competition events, and did not BDmiZ1,

the extension of the language to temporal planiffax and Long, 200R

This is unfortunate, as the lack of axioms impedes the ability to elegantly and concisely repre-
sent real-world domains. Such domains typically require checking complex conditions which are
best built hierarchically, from elementary conditions on the state variables to increasingly abstract
ones. Without axioms, preconditions and effect contexts quickly become unreadable, or postcon-
ditions are forced to include supervenient properties which are just logical consequences of the
basic ones—that is when we are lucky and extra actions do not need to be introduced or action
descriptions customised to fit a particular problem instance.

Moreover, axioms provide a natural way of capturing the effects of actions on common real
world structures such as paths or flows, e.g. electricity flows, chemical flows, traffic flows, etc.
For instance, a serious benchmark contender for the 2004 competition is a deterministic version of
the power supply restoration problem described byebhaiix and Cordid2001]. Given a network
consisting of power sources, electric lines and switches, an important aspect of the problem is to
determine which are the lines currently fed by the various sources, and how feeding is affected
when opening or closing switches. Computing and updating “fed” following a switching operation
requires traversing the possible paths of network. There is no intuitive way to do this in the body
of a PDDL action, while a recursive axiomatisation of “fed” from the current positions (open or
closed) of the switches is relatively straightforwaBibnet and Thébaux, 200R

The most common criticism of the originebbL axioms was that their semantics was ill-
specified. In particular, the organisors of the 2002 and 2004 International Planning Competition
objected thdtthe conditions under which the truth of the derived predicates could be uniquely
determined were unclear. We remedy this by providing a clear semanties faraxioms while
remaining consistent with the original descriptiodicDermott, 1998. In particular, we identify
conditions that are sufficient to ensure that the axioms have an unambiguous meaning, and explain
how these conditions can efficiently be checked.

Another common view is that axioms are a non-essential language feature which is better com-
piled away than explicitly dealt-with, compilation offering the advantage of enabling the use of
more efficient, simple, standard planners without specific treatb@aren and Knoblock, 1997;
Garagnani, 2000; Davidson and Garagnani, 20@¥e bring new insight to this issue. We give
evidence that axioms add significant expressive powebptoL. We take “expressive power” to be
a measure of how concisely domains and plans can be expressed in a formalism and use the notion
of compilability to analyse thaiNebel, 2000. As it turns out, axioms are an essential feature
because it is impossible to compile them away—provided we require the domain descriptions to
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grow only polynomially and the plans to grow only polynomially in the size of the original plans
and domain descriptions. Of course, if we allow for exponential growth, then compilations become
possible and we specify one such transformation, which, unlike those previously pulp(Esmesh

and Knoblock, 1997; Garagnani, 2000; Davidson and Garagnani] 200&s without restriction.
However, the above mentioned results suggest that it might be much more efficient to deal with
axioms inside the planner than to compile them away. In fact, our experimentsryittoffmann

and Nebel, 200[1suggest that adding even a simple implementation of axioms to a planner clearly
outperforms the original version of the planner solving the compiled problem.

2 Syntax and Semantics

This paper remains in the sequential planning setting. We therefore start from the syntax of
pPDDL2.1 level 1, which is essentially that of the versionrRafDL with ADL actions used in the
2000 planning competitiofBacchus, 2000 For clarity, we omit types. Although we see axioms
with conditions on numeric fluents, such as those featuremL2.1 level 2, as very desirable,
we do not consider them here for simplicity.

The syntax ofPDDL with axioms is given in Figure 1<axiom-def> is the only addition
to the original syntax. LeB andD be two sets of predicate symbols withn D = (), called the
set of basic and derived predicates, respectively. Symbd® ane not allowed to appear in the
initial state description and in atomic effects of actions, but may appear in preconditions, effect
contexts, and goals. The domain description features a set of axiomishese have the form
(: derived (d ?7) (f ?%)), whered € D, and wheref is a first-order formula built from predicate
symbols inB U D and whose free variables are those in the vettor

Intuitively, an axiom(: derived (d ?%) (f 7Z)) means that wheff 7Z) is true at the specified
arguments in a given state, we shodkrivethat (d %) is true at those arguments in that same
state. Unlike traditional implications, these derivations are not to be contraposed (the negation of
f is not derived from the negation dj, and what cannot be derived as true is false (closed world
assumption). Because of the closed world assumption, there is never any need to explicitly derive
negative literals, so the constraint that the consequent of axiomedigveliterals does not make
us lose generality.

In sum, axioms are essentially (function free) logic program statenjelugd, 1993. For
example, from the basic predicaie and the predicateolding in Blocks World, we can define
the predicatelear, as follows:

(:derived (clear ?x)
(and (not (holding ?x))
(forall (?y) (not (on ?y ?x))))))

Another classic ibove , the transitive closure ain, e.g.:

(:derived (above ?x ?y)
(or (on ?x ?y)
(exists (?z) (and (on ?x ?z)
(above ?z ?y))))



Figure 1 Syntax ofPDDL with axioms

<domain>

<constants-def>
<predicate-def>
<skeleton>
<predicate>
<variable>
<axiom-def>
<formula>
<formula>
<formula>
<formula>
<formula>
<formula>
<formula>
<atomic-formula>

<ground-atomic-formula>

<term>
<term>
<action-def>

<action-def body>

<eff-formula>
<eff-formula>

<one-eff-formula>
<one-eff-formula>
<one-eff-formula>
<one-eff-formula>

<atomic-effs>
<atomic-effs>
<literal>
<literal>
<task>

<object declaration>
<init>
<goal>

;= (define (domain <name>)
[<constant-def>]
[<predicates-def>]
[<axiom-def>*]
<action-def>*)
;= (;constants <name>+)
;= (:predicates <skeleton>+)
::= (<predicate> <variable>*)
;= <name>
L= ?<name>
= (:derived <skeleton> formula)
;== <atomic-formula>
(not <formula>)
(and <formula> <formula>+)
(or <formula> <formula>+)
(imply <formula> <formula>)
(exists (<variable>+) formula)
= (forall (<variable>+) formula)
= (<predicate> <term>%*)
= (<predicate> <name>*)
= <name>
= <variable>
= (caction <name>
parameters (<variable>*)
<action-def body>)
[:precondition <formula>]
-effect <eff-formula>
<one-eff-formula>
(and <one-eff-formula>
<one-eff-formula>+)
<atomic-effs>
(when formula <atomic-effs>)
(forall (<variable>+) <atomic-effs>)
(forall (<variable>+)
(when formula <atomic-effs>))

= <literal>

= (and <literal> <literal>+)

<atomic-formula>

(not <atomic-formula>)

:= (define (task <name>)
(:domain <name>)
<object declaration>
<init>
<goal>)

== (:objects <name>*)

2= (init <ground-atomic-formula>*)
= (:goal <formula>)




or equivalently:

(:derived (above ?x ?y)
(or (on ?x ?y)
(exists (?z) (and (above ?x ?z)
(above ?z ?y))))

The formal semantics below will of course enforce that the result is not affected by the order in
which atomic formulae appear in the antecedent.

In a planning context, it is natural and convenient to restrict attention to so-cititified
axiom sets. By disallowing negation “through recursion”, stratified logic programs avoid unsafe
use of negation and have an unambiguous, well-understood senf#mties al., 1987. The idea
behind stratification is that some derived predicates should first be defined in terms of the basic
ones, possibly using negation, or in terms of themselvesviitbbut using negation. Next some
more abstract predicates can be defined building on the former, possibly using their negation, or in
terms of themselves, but without negation, and so on. Thus, a stratified axiom set is partitionable
into strata, in such a way that the negation normal fofmnF) of the antecedent of an axiom defin-
ing a predicate belonging to a given stratum uses arbitrary occurrences of predicates belonging to
strictly lower strata angositiveoccurrences of predicates belonging to the same stratum (allowing
for recursion). There is no restriction on the use of basic predicates.

Working through the successive strata, applying axioms in any order within each stratum until
a fixed point is reached and then only proceeding to the next stratum, always leads to the same
final fixed point independently of the chosen stratificatidpt et al, 1987, p. 11& It is this
final fixed point which we take to be the meaning of the axiom set. Note that when no derived
predicate occurs negated in th&lF of the antecedent of any axiom, a single stratum suffices.
Several planning papers have considered this interesting specidGzmen and Knoblock, 1997;
Garagnani, 2000; Davidson and Garagnani, 2002

We now spell out the semantics formally.

Definition 1 An axiom setA is stratified iff there exists a partition (stratification) of the set of
derived predicate® into (non-empty) subsetsD;,1 < ¢ < n} such that for every axiom
(: derived (d; 7%) (f 7Z)) € A:

1. if d; appears ilNNF(f 7%), thend; € D; andd; € D; such thatj < 1,
2. if d; appears negated iNNF(f ?Z), thend; € D; andd; € D; such thatj < .

Note that any stratificatiofD;, 1 < i < n} of D induces a stratificatiofi4;,1 <i < n} of Ain
the obvious wayA; = {(: derived (d; 7%) (f; 7%)) € A | d; € D;}.

Since we have a finite domain and no functions, we identify the objects in the domain with
the ground terms (constants) that denote them, and states with finite sets of ground atoms. More
precisely, a state is taken to be a set of grobadicatoms: the derived ones will be treated as
elaborate descriptions of the basic state. In order to define the semantics, however, we first need
to consider an extended notion of “state” consisting of asset basic atoms and an arbitrary set

2In a formula inNNF, negation occurs only in literals.



D of atoms in the derived vocabulary. The modeling conditions for extended states are just the
ordinary ones of first order logic, as though there were no relationship bettvaad D. Where
7% denotes a vector of variables andenotes a vector of ground terms, we define:

Definition 2

bT) forb e Biff (bT) € S

dt)ford € Diff (dt) € D

not f) iff (S, D) - f

and f1 f2) iff (S, D) = frand(S, D) |= f2

or f1 f2) iff (S, D) = f, or (S, D) = f,

forall (?%) (f ?%)) iff (S, D) = (ft) forall t
exists (77) (f 72)) iff (S, D) k= (f t) for somet

(S, D
(S, D
(S, D
(S, D
(S, D
(S, D
(S, D

mmmm T

Then, applying axionu = (: derived (d 7Z) (f 7%)) in a stateS augmented with derived
atomsD, results in the sefa] (S, D) of further derived atoms:

Definiton 3 [a](S, D) = {(df) | (S,D) = (f1), tis ground}

Given this, we associate stratudy with the function[A]; which maps a given basic state
to the least fixed point attainable by applying the axiomsijrstarting from the extended state
consisting ofS and of the set of ground derived atoms returned at the previous strat{iA] by.
The stratified axiom set denotes the functiopAd] = [A],.:

Definition 4 Let{A4;,1 < i < n} be an arbitrary stratification for a stratified axiom sdt For
each states, let:

[A]o(S) =0, andforalll <i<n
[A41:(5) =n{D | U [al(S. D) U [A]i(S) € D}

Then[A](S) is defined agA],.(S).

Finally, given a stratified axiom set, we write S |= f to indicate that a formulg composed
of both basic and derived predicates holds in state

Definition 5 S|:A ot (S JAJ(S)) = f

This modeling relation is used when applying an action in statecheck preconditions and effect
contexts, and to determine whethfesatisfies the goal. This is the only change introduced by the
axioms into the semantics ebbL and completes our statement of the semantics. The rest carries
over verbatim fronfBacchus, 2000

Checking that the axiom set in a given domain description is stratified and computing a strat-
ification can be done in polynomial time in the size of the domain description, using for instance
Algorithm 1. The computation is reminiscent of that of the transitive closure of a relation.
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Algorithm 1 Stratification

1. function STRATIFY(D, A)
2. R+« ORDERD,A)

3. ifVi € D R[i,i| # 2then
4, return EXTRACT(D, R)
5. elsefall

6. function ORDER(D, A)

7. foreachi e Ddo

8 for each j € D do

9. R[i,j] <0
10. for each (: derived (j ?Z) (f 7Z)) € Ado
11. for each ¢ € D do

12. if i occurs negatively inNF(f ?Z) then

13. Rli, j] < 2

14, else if i occurs positively iNNF(f 7Z) then
15. R[i, 5] < MAX (1, R[i, j])

16. foreachj € Ddo
17. foreach i € D do

18. foreach k € D do

19. if MIN (R4, 7], R[4, k]) > 0 then

20. RJ[i, k] «— MAX(R[i, j], R[j, k], R[i, k])
21. return R

22. function EXTRACT(D, R)
23.  stratification «— 0, remaining «— D, level «— 1
24, while remaining # () do

25. stratum < ()

26. for each j € remaining do

27. if Vi € remaining RJ[i, j| # 2 then

28. stratum «— stratum U {j}

29. remaining < remaining \ stratum

30. stratification — stratification U {(level, stratum)}
31. level «— level + 1

32. return stratification

The algorithm starts by calling the functiamRDER which analyses the axioms to build a
|D| x |D| matrix R such thatR[:, j| = 2 when it follows from the axioms that predicate stratum
must be strictly lower than predicajés stratum,R[7, j| = 1 when:'s stratum must be lower than
J’s stratum but not necessarily strictly, aidi, j] = 0 when there is no constraint between the two
strata. R is initialized with 0 everywhere (lines 7-9). Them is filled with the values encoding
the status (strict or not) of the base constraints, i.e., those obtained by direct examination of the
axioms (lines 10-15). Finally, the consequences of the base constraints are computed, similarly as
one would compute a transitive closure (lines 16-20). From the constraintdfstatum should
be lower thanj’s stratum and the constraint thgs stratum should be lower thars stratum (i.e.,
MIN(R][i, j], R[j, k]) > 0, see line 19), follows the constraint that stratum should be lower than
k’s stratum. If either of the two former constraints are strict, (R, j| = 2 or R[j, k] = 2), the
latter is strict too (i.e.R[i, k] = 2). It may also be the case that the latter constraint has already

3By | -| we denote the cardinality of a set.



been discovered and proven strict during an earlier iteration. Therefore, the correct status of that
constraint is computed by taking the maximunidf, j], R|[j, k] and the previous[i, k] (line 20).

There exists a stratification iff the strict relation encodefis irreflexive, that is iffR|[:, ;] # 2
for all i« € D (line 3). In that case, the stratification corresponding to the smallest pre-order
consistent withR (i.e. predicates are put in the lowest stratum consistent ®jthis extracted
from R using the functiorEXTRACT. EXTRACT iterates over the set of predicatesnaining to
be allocated to strata, until this set is empty. At each iteration, the dsiextum is built (lines
25-28) by examining remaining predicates in turn, selecting those whose ancesihave all
been allocated to previous strata. l.e., the current stratum consists of those remaining predicates
j such thatR[i, j] # 2 for all remaining predicates Then the selected predicates are removed
from remaining, the current stratum is incorporated to the stratification, andethe of the next
stratum to build is increased (lines 29-31). This process terminates in les@thiggrations, and
the stratification is returned.

3 Axioms Add Significant Expressive Power

It is clear that axioms add something to the expressive powebDt. In order to determine how
much power is added, we will use tieempilability approacHNebel, 2000, which is based on
results from the area of knowledge compilati®@adoli and Donini, 1997 Basically, what we

want to determine is how concisely a planning task can be represented if we compile the axioms
away. Furthermore, we want to know how long the corresponding plans in the compiled planning
task will become.

In the following, we take &DDLy planning domain description to be atuple= (C, B, D, A, O),
whereC is the set of constant symbols,is the set of basic predicate,is the set of derived pred-
icates,A is a stratified axiom set as in Definition 1, afids a set of action descriptions (with the
mentioned restriction on the appearance in atomic effects of the symbDls iA PDDLy plan-
ning instanceor taskis a tuplell = (A,Z, G), whereA is the domain description, arilandG
are the initial state (a set of ground basic atoms) and goal descriptions (a formula), respectively.
The result of applying an action in a (basic) state and what constitutes a valid plan (sequence of
actions) for a given planning task are defined in the usual \Bagchus, 2000 except that the
modeling relation in Definition 5 is used in place of the usual one. BpaL domain description
and planning instances we mean those without any axioms and derived predicate®DBL, a
domain description has the for(@, B, 0, 0, O).

We now usecompilation schemelNebel, 2000 to translateebbLy domain descriptions to
PDDL domain descriptions. Such schemes are functions that translate domain descriptions between
planning formalisms without any restriction on their computational resources but the constraint that
the target domain should be only polynomially larger than the oridinal.

Definition 6 Acompilation scheme from¥’ to Y is a tuple of function§ = (f;, f;, f,) thatinduces
a functionF' from X-instancedI = (A, Z, G) to Y-instanceg (1) as follows:

FIL) =(f5(A), U fi(A),G N fo(A))

and satisfies the following conditions:

4We use here a slightly simplified definition of compilability.
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1. there exists a plan foll iff there exists a plan fof'(II),

2. and the size of the results &, f;, and f, is polynomial in the size of their argumefit
In addition, we measure the size of the corresponding plans in the target formalism.

Definition 7 If a compilation schem# has the property that for every plan solving an instance
I1, there exists a pla®’ solving F'(II) such that| P'|| < ¢ x || P||+ k for positive integer constants
c andk, thenf is acompilation scheme preserving plan size linegalyd if || P’|| < p(||P|], ||I1||)
for some polynomigh, thenf is acompilation scheme preserving plan size polynomially

From a practical point of view, one can regard compilability preserpilag size linearlyas
an indication that the planning formalism we use as the target formaliainégast as expressive
as the source formalism. Conversely, isaper-linearblowup of the plans in the target formal-
ism is required, this is an indication that the source formalismore expressivéhan the target
formalism—since it indicates that a planning algorithm for the target formalism would be forced to
generate significantly longer plans for compiled instances, making it probably infeasible to solve
such instances. If plans are required to grow esigper-polynomiallythen the increase of expres-
sive power must be dramatic. Incidentally, such exponential growth of plan size is necessary to
compile axioms away.

In order to investigate the compilability betweenbL andPDDLy, we will analyze restricted
planning problems such as thestep planning problerand thepolynomial step planning problem
The former is the problem of whether there exists a 1-step plan to solve a planning task, the latter
is the problem whether there exists a plan polynomially sized (for some fixed polynomial) in the
representation of the domain description.

Theorem 1 The 1-step planning problem fepbLy is EXPTIME-complete, even if all axioms are
in pure DATALOG.

Proof. EXPTIME-hardness follows from EXPTIME-completenes®afALoG entailmen{Dantsin

et al, 2001. EXPTIME membership follows because the evaluation of the precondition and the
goal formula can be done in PSPAGHardi, 1983 and the evaluation of axioms in stratified
DATALOG can be done in EXPTIMEDantsinet al, 2001]. =

If we now considePDDL planning tasks, it turns out that the planning problem is considerably
easier, even if we allow for polynomial length plans.

Theorem 2 The polynomial step planning problem febpL is PSPACE-complete.

Proof. In order to solve the polynomial step planning problem, we can guess a polynomially sized
plan and guess instantiations of the free variables in all operators. This can clearly be done using
only polynomial space.

Now we can verify that the guessed plan solves the problem using only polynomial space. By
iterating over each ground atom, we check that the goals are satisfied, checking recursively that the
operators in the plan were executable and that the right atoms were generated (or deleted). This

5The size of an instance, domain description, plan, etc. is denotgd by



clearly takes only polynomial space. So the entire verification can be carried out in polynomial
Spacem

From these two statements it follows immediately that it is very unlikely that there exists a
polynomial timecompilation scheme frorkDDLy to PDDL preserving plan size polynomially.
Otherwise, it would be possible to solve all problems requiring exponential time in polynomial
space, which is considered as quite unlikely. As argued, however, by K@, if we want
to make claims abowgxpressivenesghen we should not take the computational resources of the
compilation scheme into account but allow for computationally unconstrained transformations.
Interestingly, even allowing for such unconstrained compilation schemes changes nothing.

In order to prove this, we will use an idea similar to the one Kautz and Sdlh®@# used to
prove that approximations of logical theories of a certain size are not very likely to exist. In order
to do so, we will describe alinearly bounded alternating Turing machine acceptance problem
instancesup to a certain size by one fixed domain description.

An alternating Turing machin@ATM) M is atuple(Q, X, T', #, 0, qo, U, A), whereQ is a finite
set ofstates X is theinput alphabetI” O Y is thetape alphabet# € I' — X is theblank symbal
§:(Q x I') — 2@ I{LESY js thetransition function ¢, € @ is theinitial statg, U C @ is the
set ofuniversal statesand A C (@ is the set ofccepting statesAll non-accepting, non-universal
states are calleexistential Such a machine is in accepting configuratiorf

e the state is an accepting state,

o the state is a existential state and there exists a successor configuration that is an accepting
configuration, or

e the state is a universal state and all successor configurations are accepting configurations.

A linearly bounded ATMor LBATM) is an ATM that never leaves the space occupied by the input
string. TheLBATM acceptance problers now the problem of deciding for a given LBATM and a
given string, whether the string is accepted. This problem is EXPTIME-comiiliéi@ndraet al.,
1981.

In addition to the LBATM problem we need the notiadvice-taking Turing machinemnd of
non-uniform complexity classés prove our claim. Aradvice-taking Turing machinis a Turing
machine with aradvice oraclewhich is a (not necessarily computable) functidn from positive
integers to bit strings. On input the machine loads the bit strirg||w||) and then continues as
usual. Note that the oracle derives its bit string only from the length of the input and not from
the contents of the input. An advice is said togmynomialif the oracle string is polynomially
bounded by the instance size. FurtherXifis a complexity class defined in terms of resource-
bounded machines, e.g., P, NP or PSPACE, then X/poly (also cadlediniform X is the class of
problems that can be decided on machines with the same resource bounds and polynomial advice.

Theorem 3 Unless EXPTIME= PSPACE, there is no compilation scheme freobDLy (even
restricted to pureDATALOG axioms) toPDDL preserving plan size polynomially.

Proof. Consider LBATM instance$ = (w, M), with w € {0,1}* and M being a LBATM with
Y. = {0,1}. We measure the size of these instances by taking the maximum of the length of
and the number of states M. As a next step, we specify a family ebbDLy planning domains
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A,, that can be used to decide the LBATM problem up to sidey solving the 1-step planning
problem for(A,,Z;, g), whereZ; can be computed from in polynomial time, and; is some
constant predicate.

As constant symbols we use theSgt= {0, 1,...,n,#,U, E, A, L, R, S}, where the numbers
stand for tape cells, states, or elements of the input alphgbstands for the blank symbol, the
symbolsU, E, A are used to denote, universal, existential, and accepting states, respectively, and
L, R, S are used to denote head movement, Lefor left, R for right, andsS for stationary. The
basic predicateare:

e cell (7, s) describing that theéth tape cell of the input contains with i = 1 denoting the
leftmost cell,

e type (q,t) describing the type of stateq, with ¢ = 1 denoting the initial state,

e trans (q,s,q’,s’,m) describing one entry of the transition table corresponding4os) >
<q,7 8/? m>’

¢ his an auxiliary atom, which is always false in the initial state.
In addition, we use the following derived predicates:

e acc (zy,...,x,,q,h) describing a configuration with tape contents. . ., z,,, Stateq, and
head positiorh,

e g is the goal atom which is added by the only operator in our domain description.
Now we have for every statgthe following rule accounting for accepting states:

(:derived (acc ?x1 ... ?xn g ?h)

(type q A))
In addition, we have for every tuple,s,q’,s’,i ) the following rule to account for existential
states:

(:derived (acc ?x1...?2xi-1 s ?xi+1..7xn q i)
(and
(type q E)
(trans 9 s g s' L)
(acc ?x1..?2xi-1 s’ ?xi+1...?xn ¢ i-1)))

There are similar rules for the the movemeR@ndS. Furthermore, we have rules describing the
semantics of universal states. For every tupgle,i ) we have a rule as follows:

(:derived (acc ?x1...?2xi-1 s ?xi+1..2xn q i)
(and
(type q V)
(forall ?q’ ?s’
(and
(or (not (trans g s ?q° ?s’ L))
(acc ?x1...?2xi-1 ?s’ ?xi+1...?xn
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?q' i-1))
(or (not (trans q s ?q° ?s’ R))
(acc ?x1...?xi-1 ?s’ ?xi+1...?xn
?q’ i+1))
(or (not (trans g s ?q° ?s’ S))
(acc ?x1...?2xi-1 ?s’ ?xi+1...?xn

?q' 1))
Finally, we have a rule describing how to generate the ultimate goal:

(:derived h
(and
(cell 1 ?x1)
(cell 2 ?x2)

'(léell n xn)
(acc x1 ... xn 1 0)))

Now the only operator we have is the following:

(:action a
:parameters ()
:precondition (h)
.effect (g))

Let now! = (w, M) be an LBATM instance of size. LetZ; be the state describiny andw
using the derived predicates. It is then clear that the constrectedy instancdl,, = (A,,,Z;, g)
has a successful 1-step plan if and onlyifs accepted by/.

Let us now assume that there exists a compilation scheme Fmmn, to PDDL preserving
plan size polynomially. Such a scheme could be used to depatyaomial advicdor an advice-
taking Turing machine in the following way. Leétbe an LBATM instance of size, then the
compilation ofA,, to aPDDL domain structure\’ can be used as the polynomial advice. The
advice-taking Turing machines reads the instance, loads the afi{/iaomputes/; and then de-
cides polynomial-stepDDL plan existence, which can be done in PSPACE because of Theorem 2.
This, however, implies, that all of EXPTIME can be decided in PSPACE/poly, which by the results
of Karp and Lipton[1989 implies that EXPTIME= PSPACEm=

4 Compilations with Exponential Results

While it is impossible to find a concise equivaleripL planning instance that guarantees short
plans, itis possible to come up with a poly-size instance which may have exponentially longer plans
in the worst case. Such compilation schemes have been described by e.g. Gazen and Knoblock
[1997 and Garagnari200d under severe restrictions on the use of negated derived predicates.
Specifically, the former schenj@azen and Knoblock, 199#anslates each axiom into an operator
having the axiom’s antecedent as precondition and its consequent as effect. It also augments those
of the original operators that affect the antecedent of an axiom with conditional effects deleting
all ground instances of this axiom’s consequent. This scheme gives the possibility to the planner
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of inferring positive derived literals needed in a plan, but does not force the planner to establish
the actual truth of any of the derived predicates. For this reason, serious problems arise if negated
derived predicates appear anywhere in the planning®taike latter schemgGaragnani, 2000

is further restricted to purBATALOG axioms, and although it more clever in keeping track of the
ground derived atoms in need to be deleted, it still suffers from the same problems in the presence
of negated derived predicates.

An interesting contrasting approach is that of Davidson and Garaf@@®d. They propose
to compile pureDATALOG axioms solely into conditional effects, which means that the resulting
plans will have exactly the same length. However, as is implied by Theorem 3, their domain
description suffers a super-polynomial growth.

We now specify a generally applicable compilation scheme producing poly-size instances,
which we will use as a baseline in our performance evaluation. In contrast to the schemes men-
tioned above, it complies with the stratified semantics specified in Section 2 while dealing with
negated occurrences of derived predicates anywhere in the planning task.

Theorem 4 There exists a polynomial time compilation schéme( f;, fi, f,), such that for every
PDDLy domain descriptiol\ = (C, B, D, A, O):

e ||fi(A)]| = ¢, for some constant,
o ||f4(A)]| = c, for some constant,

e f5(A) = (C,B,0,0,0") is apbbL domain with|B'|<|B| +3 |D| +2 and with||0’|] <
p(]|0]],]]A4]|) for some polynomiap.

Proof. Figure 4 shows the main elements of theDL instances induced b f computes a
stratification{ A;, 1 < i < n} of the set of axiomsl, as explained in Section 2, where in stratum

i, each axiomy; ; is of the form(: derived (d;; ?%; ;) (fi; 7% ;)) for 1 < j <|A;|. f encodes
each stratum as an extra actistiratum; (see lines 5-15 in Figure 4) which applies all axioms
a; j at this stratum in parallel, records that this was dane¢;) and whether anything new4w)

was derived in doing so. Eaehy ; is encoded as a universally quantified and conditional effect of
stratum;—see lines 9-15. To ensure that the precedence between strata is respeciedn;

is only applicable when the fixed point for the previous stratum has been reached (i.e. when
fixed; 1) and the fixed point for the current stratum has not (i.e. wlen (fixed;)))—see line

7. f encodes the fixpoint computation at each straiwmsing an extra actiofiixpoint,, which

is applicable after a round of one or more applicationstfatum; (i.e., whendone; is true),
asserts that the fixed point has been reachedf(ixed;) whenever nothing new has been derived
during this last round, and resetsw anddone; for the next round—see lines 16-21. Next, the
precondition and effect of each action descriptioa O are augmented as follows (see lines 22-
30). Let0 < k < n be the highest stratum of any derived predicate appearing in the precondition
of o, or 0 if there is no such predicate. Before applyingwe must make sure that the fixed
point for that stratum has been computed by addihged, to the precondition. Similarly, let

®A counter example isC =), B={a}, D= {b}, O ={(: actionop : parameters () : effect (a))},
A ={(: derived(b)(a))}, Z =0, G = (and a (not b)). This instance is not solvable because establishirzdso
establisheb via the axiom, yet both schemes yield a compiled instance solvable by théoplan This remains true
even if negation is compiled away as per the Gazen and Knoblock mg@Eazen and Knoblock, 1997

12



Figure 2 PDDL instances induced Wy

1. (: predicates ; all predicates i3 U D
2. (doney) ... (doney)
3. (fixedy)...(fixedy)
4. (new))
foreachi € {1,...,n}
5.(: action stratum;
6. :parameters ()
7. :precondition (and (fixed; 1) (not (fixed;)))
8. :effect (and (done;))

9. (forall (% 1)
10. (when (and (fi,l ?}_{’1’1) (I].Ot (di,l ?ii71)))
11. (and (di1 ?%i1) (new))))
12. e
13. (forall (¥ p,)
14. (When (and (fi,|Ai| ?ii7|Ai|) (not (di,|Ai| 7)?1,|A1|)))
15. (and (d; u 7%; ) (mew))))))

16.(: action fixpoint;
17. :parameters ()

18. :precondition (done;)

19. :effect (and (when (not(new)) (fixed;))
20. (not(new))

21. (not (done;))))

for eacho € O
22.(: action NAME(0)
23. :parameters PARAMETERS(0)
24. :precondition (and PRECONDITION(0) (fixedy))
25. :effect (and EFFECT(0)

26. (not (fixedy))...(not (fixed,))
27. (not (doney)) ... (not (done,))

28. (forall X, (not (dy1 ?Xn1)))

29. e

30. (forall §n7|An| (not (dmmn‘ ?in,ll\n\)))))

Wherek = max({7 | somed; ; occurs in RECONDITION(o)} U {0}) and
m = min({s | a predicate in some; ; is modified in EFECT(0)} U {n+1})

31.(: init Z U (fixedy))
32.(: goal (and G (fixedy)))
Wherek = max({7 | somed; ; occursinG} U {0})

1 < m < n+ 1 be the lowest stratum such that some predicate in the antecedent of some axiom
in A,, is modified in the effect 0b, or n + 1 if there is none. After applying, we may need to
re-compute the fixed points for the strata abovehat is, the effect must reseixed, done, and
the value of all derived propositions, at strateand above. Finallyf ixed, holds initially, and the
goal requirefixed, to be true, wher® < k < n is the highest stratum of any derived predicate
appearing irg or 0 if there is no such predicate—see lines 31-32.

The fact thaf preserves domain description size polynomially, and the bounds given in theo-
rem 4, follow directly from the construction. L&t = (C, B, D, A, O) be aPDDLy instance. We
have f;(A) = (fixed,) and so||f;(A)|| is a constant.f,(A) = (fixed,) for some< 0 < n
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and so|f,(A)|] is a constant. f;(A) is the PDDL domain descriptionC, B, 0,0, 0’), where
B =BUDU({(fixed,) | 0 < i <n}U{(done,) | 1 <i<n}U{(new)} andO’ = {stratum |
1 <i<n}U{fixpoint,; | 1 <i <n}U{o | o isthe augmentation of someec O viaf}. So
|B'|=|B| + |D| +2n + 2 and since D|< n, then|B'|<|B| +3 |D| +2. Obviously, the size
of eachfixpoint, action description is bounded by a constant, that of @aeltun; is linear in
|| A;||, and the size of each other action description is only augmented by a quantity limedt.in
Therefore, the total size @ is bounded by some polynomial jj|| and||O||.
Now, letIl = (A,Z,G) be aPDDLy instance, and”(II) be thepDDL instance obtained by
compilation oflI via f. We must prove that there is a plahfor II iff there is a planP’ for F(II).
We start with the left to right direction. Far< h < n, let ¢, be the sequence:

stratumy ...stratum,fixpoint,
Dl

whereD;, denotes the set of all instances of predicateBjjinand letg, be the sequence:
gnstratum,fixpoint,

Furthermore, fol <m <nandl < k <n, let R, be the set of sequenceg. .. r;, where
forallm < h < kr, € {qn, ¢,}. Note thatift < m, thenR,, ;. only contains the empty sequence.
We are going to show that:

Proposition1 Let P = P;... P, be a plan forll, and for eachl < j < [, let P} be the
augmentation ofP; via f. Then there existgm; | 0 < j < (}, {k;,|] 0 < j < [} and
{Qmj,kj E ij7kj | O S .] S l} SUCh thatP/ = Qmo,koP{thklPQ/’--le_l,kl_1f)l/le,kl IS a
plan for F(II).

To prove this, we first need the following intermediate results.

Proposition 2 Let X be a state at some point of the execution of the compiled plan such that
¥ = SU{(fixed,) | 0 <i < h— 1} U[A]x-1(S) with S C B. Then, one of the two sequences in
7, IS executable it and leads to the state’ = S U {(fixed,) | 0 <i < h} U [A]L(S).

To show this, first note thal = (and (fixed, ;) (not (fixed,))), the precondition oftratumy,
and sincestratum;, does not modify any of théixed;, the prefix ofg, consisting of thg D, |
applications ofstratum, is executable irt2. From then on, there are two cases. If no ground
atom inDj, is derivable fromsS, then[A].(S) = [A],-1(S), and so the execution of this prefix
results in the stat®; = S U {(fixed,) | 0 < i < h — 1} U [A]4(S) U {(done,,)}. fixpoint,

is applicable in¥X; becausgdone,) is true, and this application results is the desired outcome
¥ = SU{(fixed,) | 0 < i < h} U [A]n(S). So, in the first cas€]{],(S) = [A]n-1), qn IS
executable irt and yield the desired result. If, on the other hapd],,(S) O [A]n-1(S), we show
that the execution of the mentioned prefixg@fresults in the stat&, = S U {(fixed,) | 0 <

i < h—1} U[A]n(S) U{(done,), (new)}. ThatX, is included inS U {(fixed;) | 0 < i <

h — 1} U [A]n(S) U {(done,), (new)} is trivial: since[A],(S) is a fixed point, it is closed under
application of the axioms ird,; therefore no execution eftratum;, can lead out of it and the state
reached after each iterationsffratum, remains withinSU{(fixed,) | 0 <7 < h—1}U[JA],(S)U
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{(done, ), (new)}. The converse inclusion is proved by induction on the length of derivations using
the axioms. That is, for any > 0 there is some’ such that all propositions ipA], \ [A]n-1
derivable with up tg applications of axioms i, are in the state obtained at theth iteration

of stratum,. Each axiom application adds one mqtkt), and in every case, by the induction
hypothesis, there is some iterationsafratum;, at which the effect contexts corresponding to the
axiom’s antecedent have been added and at which the action is therefore applicable to extend the
state by addingd t) to the state. ObviouslyD;, | is an upper bound on the number of times
stratum, can extend the state, so convergence to a fixed point withjriterations is guaranteed.
Finally, in the stateS' U {(fixed;) | 0 < i < h — 1} U [A]4(S) U {(done, ), (new)} the action
fixpoint, is applicable, and sindaew) is true this simply remove&ew) and(done). The next
application ofstratum;, does not setnew) again because the state is already saturated under the
axioms inA;, so one more application dfixpoint, adds(fixed,) as required. That is, to sum

up, q;, is executable irt and leads to the desired statée

Proposition 3 Let > be a state at some point of the execution of the compiled plan such that
¥ = SU{(fixed;) | 0 < i < m — 1} U [A],n-1(S) with S C B. Then, one of the sequences
Qmr € Ry is executable irE and leads to a stat&’ = S U {(fixed;) | 0 < i < sup(m —

LK)} U [Alsup(m-1.8) ()

If & < mthenR,, only contain the empty sequence, which makes the proposition true. The case
k > m is easily proo=ved by induction on the length@f(i.e., the number of subsequences in
it) using k = m for the base case and Proposition 2 for the induction step.

Proposition 4 LetY be a state at some point of the execution of the compiled plan such taat
SU{(fixed;) | 0 <i<m—1}U[A],n_1(S) with.S C B. LetP; € O be an action applicable in
S, let P, € O’ be the augmentation df; viaf, letk be the highest stratum of any derived predicate
appearing in the precondition @?; (or 0 if there is none), and lef:; be the lowest stratum such that
some predicate in the antecedent of an axiom,j) is modified in the effect @?; (or n+1 if there

is none). Then, there exists a sequefige. € R, such tha@m,kPJf is executable irt and leads

to astatey’ = S'U{(fixed,) | 0 < i <inf(m;—1,sup(m—1,%)) } U [Alintm;—1,supm—1,8))(S"),
with S’ C B.

To show this, note that in virtue of Proposition 3, there existg,a, € R, which is ex-
ecutable inX = S U {(fixed;) | 0 < ¢ < m — 1} U [A],,—1(S5), and results in the state
¥ = SU{(fixed;) | 0 < i < sup(m — 1,k)} U [Alsup(m—1,1)(S). Now consider the pre-
condition f of P;. BecauseP; is applicable inS, S):A f, and then, because is the highest
stratum of any derived predicate fij the preconditiorfand f (fixed,)) of P; is verified in%",
i.e. X' = (and f (fixed,)). So P is applicable inx” and from the fact that the effects &f
only affectS and delete th€ixed; and atoms irD; for m; < i < n, this application results in
astate)’ = S" U {(fixed,) | 0 < i < inf(m; — 1,sup(m — 1, %))} U [Afint(m, - 1,supm—1,k))(S),
with S’ C B. Because no antecedent of any axiomdipnfor 0 < i < m; is changed by,
[Alint(m, —1.sup(m—1,8)) (S) = [Alint(m,-1.sup(m-1,£))(S") @and the proposition follows.

Now, we come back to proving Proposition 1. From Proposition 4 and the fact that the state at
the start of the compiled plan}s = ZUfixedy = ZUfixedo U [A]o(Z), it follows by induction
that there exists values of the;s,0 < 7 <[ —1, andk;s,0 < 5 <[ —1, as well as sequences
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Qm, k; € R, x; such that all actions in the compiled subpl@p, x, P Qi kP - - - Quay_y ki P/
are applicable and the subplan leads to a state- S U {(fixed,) | 0 < ¢ < inf(m; —
L, sup(my—1,ki—1))} U [A]m,—1(S) wherem, is the lowest stratum such that some predicate in
the antecedent of an,,, is modified in the effect of?, (or » + 1 if there is none). If we také;
to be the highest stratum of any predicate appearirg (or O if there is none), then there exists
a sequence),, ,, € R, applicable inX by proposition 3. We show that the compiled plan
Qoo PiQmy i Ps - - - Quy_y oy P Qum, 1, Saisfies the compiled goédnd G (fixedkl)): sinceP
is a plan forll, the stateS to which P leads is such that thét}zA G; by proposition 3, the com-
piled plan@ ., ko P Q@mi i Ps - - - Q1 1 P} Qumy r, €NAS in @ Stat®’ = S U {(fixed;) | 0 < ¢ <
sup(my—1, ki—1) } U [Alsup(m,—1,6) (S), @and then, because is the highest stratum of any predicate
NG, > |= (and G (fixed, )).

Therefore, we have shown that if there exists a gtdor aPDDLy instancdl, then there exists
a compiled plan®’ for the PDDL instanceF'(I1). Conversely, we are going to show that:

Proposition 5 let P’ be a plan forF'(I1) and let P ... P/ be the subsequence Bf obtained by
stripping allstratum andfixpoint actions. The sequenée= P, ... P, where foralll < j </
P/ is the augmentation af;, is a plan forIl.

We need the following intermediate result, which states that any state of the compiled plan in
which fixedy is true contains the right values for the derived ground atoms at stratund below:

Proposition 6 Let 3 be a state at some point of the execution of the compiled plai }#
(fixed,) where0 < k < n, then® = S U [A]x(S) U D,with© N B = SandDNUL, D; = 0.

The proof is by induction o. The caseé = 0 holds trivially. Let us assume that the proposition
hold for somek, and letX such that = (fixed, ). The only way for(fixed, ) to hold

in ¥ is for afixpoint,  , action to have established it beforeand no augmented action to
have deleted it inbetween (these are the only actions that can delete it). Forxtheint,
action to be applicable, it must be the case thataatum,; action has been applied before
(becausddone,, ;) needs to be true and this is the only way this can happen), and in virtue of
the preconditions oftratum andfixpoint actions nothing but an augmented action could have
happened inbetween. Furthermore, thigatum,,; action must not have sétew) to true, and

for it to be applicable(fixed, ) must have held. Therefore, by the induction hypothesis, the state
¥’ in which stratum;; was applied is such that’ = S’ U [A],(S) U D', with ¥’ N B = &’
andD’ N Uf:1 D; = (. Because nothing new was deriveddnratum,_,, it must be the case that
[A]r1(S") € D'. We also havéD'\ [A],.1(S"))NUML D; = 0: because the only actions that can
add anything D, to the state are those #tratum;;, which has(fixed, ) as a precondition,
and by the induction hypothesis the only atom®ym ¥’ are those iff A, (5’), it must be the case
that D’ N Dyy1 C [Ax41(S"). It follows that>’ can be rewritten as’ U [A]x U D" U ([A]x+1 \

[A]x) = S’ U [A]ry1 U D" with X' N B = S and D" N U D; = ), which completes the proof

of Proposition 6.

Coming back to the proof of Proposition 5, we note that each augmented @tiuas pre-
condition(and f; (fixed, )), wheref; is the precondition of’; and; is the highest stratum of
any derived predicate appearing/fin(or O if there is none). Consequently eakhis applied in a
stateX’; in which (fixed, ) holds, and therefore, by Proposition’, = S; U [A]x, (5;) U D with
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¥,NB=S;andDn U, D = 0. Furthermore; |= f;, and sincef; only contains predicates in
BandUZ, D;, S; U [Alx, (S;) E f;, whichimpliesS; =4 f;. Therefore, eacl?; in the planP is
applicable. The same argument suffices to prove khsatisfies the goaJ, starting from the fact
that the state&_ in which P’ ends satisfietand G (fixed, )), wherek is the highest stratum of any
derived predicate appearingéh =

As stated in Proposition 5, a planfor a planning taskI can be recovered from a plai for
the compiled planning task(II), by simply stripping all occurrences etratum andfixpoint
actions. In the worst case of course, there is no polynopsaich that|P'|| < p(||P||, ||I1]|). In-
deed, the worst-case is obtained when, initially and after each actionffr@ihderived predicates
need to be (re)computed and only one proposition is ever derived per applicatiamraafum;
actions. Even if the planner is able to interleave as fewpoint, actions as possible with the
stratum; actions, this still leads to a plan of lengt®’|| = || P|| + (||P|| + 1) (X, (|Dy] +3)) =
||P|| + (||P|| + 1)(3n+ [D]). Observe thaD is not polynomially bounded i{D| and|C]|.

5 Planning: With or Without Axioms?

The absence of a polynomial time compilation scheme preserving plan size linearly not only in-
dicates that axioms bring (much needed) expressive power, but it also suggests that extending a
planner to explicitly deal with axioms may lead to much better performance than using a compila-
tion scheme with the original version of the planner. To confirm this hypothesis, we extended the
FF planner[Hoffmann and Nebel, 20Qwith a straightforward implementation of axioms—we
call this extensiorFFy—and compared results obtained sy on PDDLy instances with those
obtained byFF on thePDDL instances produced via compilation with

FFy transforms each axiorp derived(d ?Z)(f 7%)) into an operator with parametefsr),
precondition(f %) and effect(d 7%), with a flag set to distinguish it from a “normal” operator.
During the relaxed planning process tiF&tperforms to obtain its heuristic function, the axiom
actions are treated as normal actions and can be chosen for inclusion in a relaxed plan. However,
the heuristic value only counts the numberrafrmal actions in the relaxed plan. During the
forward searclFr performs, only normal actions are considered; after each application of such an
action, the axiom actions are applied so as to obtain the successive fixed points associated with the
stratification computed by Algorithm 1.

One domain we chose for our experiments is good old Blocks Wand).( In contrast to
most other common benchmarks,8w there is a natural distinction between basic and derived
predicates; in particulaw with 4 operators is the only common benchmark domain we are aware
of where the stratification of the axioms requires more than one stratum. We experimented with
two versions oBw:

lop: The version with a singleove operator.on is the only basic predicate, the table being treated
as a block. There is a single stratum consisting ofdhear andabove derived predicates.
Note thatabove is only used in goal descriptions.

4ops: The version with the 4 operatops ckup, putdown, stack andunstack. The basic predi-
cates aren andontable, and the derived ones ag®ove andholding (stratum 1), as well
asclear andhandempty (Stratum 2) whose axiomatisations use the negatidrodding.
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Both domain description versions and their compilationfvé@e given in the appendix. For each
of those versions, we considered 3 types of planning tasks:

strict: A PDDLy task is built from a given pair agw states as follows. The first state is taken to be
the initial one, and the second is converted into an incompletely specified goal description by
writing “above” whereas one would normally have writtesri” and omitting the mention of
those blocks that would normally have been on the table. Note that expressing the resulting
goal usingon andontable would require exponential space, highlighting once more the
utility of derived predicates.

loose: A PDDLy task is built from a singl@w state by taking it to be the initial state and asking
that any block which is on the table initially end up above all those that were initially not.

one tower: This is the special case of thokmsetasks for which the initial state has only one
tower. In theirlop versions, those tasks are one of the examples considered by Davidson
and Garagnari2004.

For each combinatiofilop, 4ops} x {strict,loose, we generated 30 random instances of each
sizen (number of blocks), using the rand@w states generator provided by Slaney ancEbhaix
[2001]. For one towertasks of a given size, which are all identical up to a permutation of the
blocks, a single instance suffices per value.oFigure 3 shows the median run-time and median
plan length obtained byFy andFrF+f and as a function of for each of the 6 combinations. In
all cases buttops strict, the median run-time ofFy shows a significant improvement over that
of FF+f. Forone towertasks, the improvement is dramatic,res finds the optimal plans whose
length is linear inn. With thestrict andloosetasks in contrast, the plans found bs; are only
an order of magnitude larger than those foundrbyf. Note thatFF's goal-ordering techniques
were not used in either versions of the program. Although extending these techniques to deal with
axioms is relatively straightforward, we have not invested any time yet in doing so. Goal ordering
has been shown to greatly improve the performancerain Bw, and due to the lack of iF's
behavior in the above experiments is significantly worse than reported in the liteidaffemann
and Nebel, 20011

Another domain we ran experiments on is the challenging Power Supply Restoresign (
benchmarK Thiébaux and Cordier, 200Iwhich is derived from a real-world problem in the area
of power distribution. The domain description requires a number of complex, recursive, derived
predicates to axiomatize the power flow, $Benet and Theébaux, 200Band the appendix. We
considered a version of the benchmark in which the locations of the faults and the current network
configuration are completely known, and the goal is to resupply all resuppliable lines. For each
numbern = 1 to 7 feeders, we generated 100 random networks with a maximum of 3 switches
per feeder and with 30% faulty lines. We also considered the networks of increasing difficulty
described irfBertoli et al, 2002; Bonet and Tkbaux, 200B basic, small-rural, simple, ran-
dom, andsimplified-rural . The left-hand part of Figure 4 compares the median run times and plan
length forFry andrFrF+f as a function of, on the random instances, while the right-hand one re-
ports run times and plan length on the known instances. A dash (-) indicates that the instance could
not be solved within 5000 secs. Again the improvement in performance resulting from handling
axioms explicitly is undeniable. In these experiments, the plan length does not vary much with
n: with our parameters for the random instances generation, it is clustered around 5 actions for
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Figure 3 Experimental Results faw
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PDDLy instances, and around 50 for the compiled instances (the known instances exhibit similar
figures). Yet this makes all the difference between what is solvable in reasonable time and what is
not.

Although the domains in these experiments are by no means chosen to show off the worst-case
for the compilation scheme, they nevertheless illustrate its drawbacks. The difference of perfor-
mance we observe is due to the facts that compilation increases the branching factor, increases the
plan length, and obscures the computation of the heuristic.

In our BW experiments, we also considered the possibility of compilingithhe recursivede-
rived predicates away as suggested by Davidson and Gara@t@l, by simply substituting
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Figure 4 Experimental Results farsr
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their definition for them wherever they occur until no occurrence remains. We did not experiment
with compiling recursive derived predicate as per their method because this requires significant
implementation effort and the authors were not able to provide us with an implementation at the
time of writing this report. Instead, we considered two treatments of the recursive predicates: one
using axioms and runningFy and the other using compilation viaand running the originatr.

In 1op domains, the run-times obtained with the former, resp. the latter, treatment are similar to
those obtained byrFy, resp. byrr+f in Figure 3. To be precise, the run-times are slighly larger
than those in Figure 3 fatop looseand1 op one tower and slightly lower forlop strict. On

the other hand, idopsdomains, both variants (i.e. regardless of whether the recursive predicates
were axiomatized or compiled away) were unable to cope with problems largen thafr This

is due to the fact that substituting for the non-recursive derived predicates easily results in operator
descriptions with quite complexbL constructs. These make FF's pre-processing infeasible, as

it compiles theaDL constructs away following Gazen & Knoblock [2001] (instantiating the oper-
ators, and expanding all quantifiers in the formulae), and needs to create and simplify thousands
of first-order formulae even in comparatively small planning tasks. Iitpscase, preconditions

are kept manageable becausear is the only derived predicate and its definition in terms of

on is relatively simple, while thé&lopscase suffices to make preconditions too challenging. We
did not experiment with the other published compilation schef@@zen and Knoblock, 1997;
Garagnani, 2000 as they are not applicable to the above domains whose descriptions involve
negated derived predicates.
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6 Conclusion

As reflected by recent endeavours in the international planning competitions, there is a growing
(and, in our opinion, desirable) trend towards more realistic planning languages and benchmark
domains. In that context, it is crucial to determine which additional language features are partic-
ularly relevant. The main contribution of this paper is to give theoretical and empirical evidence
of the fact that axiomsre important, from both an expressivity and efficiency perspective. In
addition, we have provided a clear formal semanticsPibbL axioms, identified a general and
easily testable criterion for axiom sets to have an unambiguous meaning, and given a compilation
scheme which is more generally applicable than those previously published (and also more effec-
tive in conjunction with forward heuristic search planners li#. Future work includes more
extensive empirical studies involving a more elaborate treatment of axioms withimd planners

of different types, as well as the extension of derived predicates and axioms to the context of the
numerical and temporal language features recently introducedruti 2.1.
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A Domain Descriptions Used in Experiments

A.1 BW lop, with Axioms

(define (domain bw-axioms)
(:requirements :strips)
(:predicates ; basic predicates
(on ?x ?y)
; derived predicates
(clear ?x)
(above ?x ?y))

(:derived (above ?x ?y)
(or (on ?x ?y)
(exists (?z) (and (on ?x ?z) (above ?z ?y)))))

(:derived (clear ?x)
(or (= ?x table) (forall (?y) (not (on ?y ?x)))))

(:action move

parameters  (?x ?y ?z)

:precondition (and (not (= ?x table))
(not (= ?z ?y))
(not (= ?x ?z))
(clear ?x)
(clear ?z)
(on ?2x ?y))

:effect (and (on ?x ?z)

(not (on ?x ?y))))

A.2 BW lop, Compiled Version

(define (domain bw-compiled)
(:requirements :strips)
(:predicates (on ?x ?y)

(clear ?x)
(above ?x ?y)
(fixed-0)
(fixed-1)
(done-1)
(new))

(:action axiom-1
:parameters ()
:precondition (and (fixed-0) (not (fixed-1)))
.effect (and (done-1)
(forall (?x)
(when (and (not (clear ?x))
(or (= ?x table)
(forall (?y) (not (on ?y ?x)))))
(and (clear ?x)
(new))))
(forall (?x ?y)
(when (and (not (above ?x ?y))
(or (on ?x ?y)
(exists (?z) (and (on ?x ?z) (above ?z ?y)))))
(and (above ?x ?y)

(new)))))

(:action fixpointl
parameters ()
:precondition (done-1)
:effect (and (when (not (new)) (fixed-1)
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(not (new))
(not (done-1))))

(:action move
parameters  (?x ?y ?z)
:precondition (and (not (= ?x table))
(not (= ?z ?y))
(not (= ?x ?z))
(clear ?x)
(clear ?z)
(on ?x ?y)
(fixed-1))
:effect (and (on ?x ?z)
(not (on ?x ?y))
(not (fixed-1))
(forall (?x1) (not (clear ?x1)))
(forall (?x1 ?y1)
(not (above ?x1 ?y1))))
(not (done-1))))

A.3 BW 4ops, with Axioms

(define (domain bw-axioms)

(:requirements :strips)

(:predicates ; basic predicates
(on-table ?x)
(on ?x ?y)
; derived predicates
(holding ?x)
(above ?x ?y)
(clear ?x)
(arm-empty))

(:derived (holding ?ob)
(and (not (on-table ?o0b))(not (exists (?b) (on ?0b ?b)))))

(:derived (above ?x ?y)
(or (on ?x ?y)
(exists (?z) (and (on ?x ?z) (above ?z ?y)))))

(:derived (clear ?0b)
(and (not (holding ?0b))
(not (exists (?b) (on ?b ?ob)))))

(:derived (arm-empty) (forall (?0b) (not (holding ?0b))))

(zaction pickup
:parameters (?0b)
:precondition (and (clear ?0b) (on-table ?ob) (arm-empty))
:effect (not (on-table ?0b)))

(:action putdown
:parameters  (?0b)
:precondition (holding ?0b)
:effect (on-table ?0b))

(:action stack
:parameters  (?0b ?underob)
:precondition (and (clear ?underob) (holding ?0b))
:effect (on ?0b ?underob))

(:action unstack
:parameters  (?ob ?underob)
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:precondition (and (on ?ob ?underob) (clear ?ob) (arm-empty))
:effect (not (on ?ob ?underob)))

A.4 BW 4ops, Compiled Version

(define (domain bw-compiled)
(:requirements :strips)
(:predicates (clear ?x)

(on-table ?x)
(arm-empty)
(holding ?x)
(on ?x ?y)
(above ?x ?y)
(fixed-0)
(fixed-1)
(fixed-2)
(done-1)
(done-2)
(new))

(:action axiom-1
:precondition (and (fixed-0) (not (fixed-1)))
-effect (and (done-1)
(forall (?ob)
(when (and (not (holding ?0b))
(not (on-table ?o0b))
(not (exists (?b) (on ?0b ?b))))
(and (holding ?0b)
(new))))
(forall (?x ?y)
(when (and (not (above ?x ?y))
(or (on ?x ?y)
(exists (?z) (and (on ?x ?z) (above ?z ?y)))))
(and (above ?x ?y)
(new))))))
(:action fixpointl
parameters ()
:precondition (done-1)
:effect (and (when (not (new)) (fixed-1))
(not (new))
(not (done-1))))

(:action axiom-2
:precondition (and (fixed-1) (not (fixed-2)))
:effect (and (done-2)
(forall (?ob)
(when (and (not (clear ?0b))
(not (holding ?0b))
(not (exists (?b) (on ?b ?o0b))))
(and (clear ?0ob)
(new))))
(when (and (not (arm-empty))
(forall (?0b) (not (holding ?0b))))
(and (arm-empty)

(new)))))

(:action fixpoint2
parameters ()
:precondition (done-2)
:effect (and (when (not (new)) (fixed-2))
(not (new))
(not (done-2))))

(zaction pickup
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parameters (?0b)
:precondition (and (fixed-2) (clear ?ob) (on-table ?0b) (arm-empty))
:effect (and (not (on-table ?ob))

(not (fixed-1)) (not (fixed-2))

(not (done-1)) (not (done-2))

(forall (?x) (not (holding ?x)))

(forall (?x ?y) (not (above ?x ?y)))

(forall (?x) (not (clear ?x)))

(not (arm-empty))))

(:action putdown

:parameters  (?0b)

:precondition (and (fixed-1)(holding ?0b))

.effect (and (on-table ?o0b)
(not (fixed-1)) (not (fixed-2))
(not (done-1)) (not (done-2))
(forall (?x) (not (holding ?x)))
(forall (?x ?y) (not (above ?x ?y)))
(forall (?x) (not (clear ?x)))
(not (arm-empty))))

(:action stack
:parameters  (?0b ?underob)
:precondition (and (fixed-2) (clear ?underob) (holding ?ob))
:effect (and (on ?ob ?underob)
(not (fixed-1)) (not (fixed-2))
(not (done-1)) (not (done-2))
(forall (?x) (not (holding ?x)))
(forall (?x ?y) (not (above ?x ?y)))
(forall (?x) (not (clear ?x)))
(not (arm-empty))))

(:action unstack
:parameters  (?0b ?underob)
:precondition (and (fixed-2)(on ?ob ?underob) (clear ?ob) (arm-empty))
:effect (and (not (on ?ob ?underob))
(not (fixed-1)) (not (fixed-2))
(not (done-1)) (not (done-2))
(forall (?x) (not (holding ?x)))
(forall (?x ?y) (not (above 7?x ?y)))
(forall (?x) (not (clear ?x)))

(not (arm-empty))))

A.5 PSR, with Axioms

(define (domain psr-axioms)

(:requirements :adl)

(:types DEVICE SIDE LINE)

(:predicates ; basic predicates
(ext ?I - LINE ?x - DEVICE ?s - SIDE)
(con ?x - DEVICE ?sx - SIDE ?y - DEVICE 7?sy - SIDE)
(breaker ?x - DEVICE)
(closed ?x - DEVICE)
(faulty ?I - LINE)
; derived predicates
(upstream ?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(affected ?x - DEVICE)
(safe-path ?x - DEVICE ?sx - SIDE ?| - LINE)
(closed-path ?x - DEVICE ?sx - SIDE ?I - LINE)
(feedable ?I - LINE)
(fed ?I - LINE)

; (upstream ?x ?sx ?y ?sy) iff side ?sx of device ?x
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; is upstream of side ?sy of device ?y

(:derived (upstream ?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(and (closed ?x)

(or (breaker ?x)
(exists (?z - DEVICE)
(or (and (con ?z sidel ?x ?sx)
(upstream ?z side2 ?x 7?sx))
(and (con ?z side2 ?x ?sx)
(upstream ?z sidel ?x ?sx)))))
(or (and (= ?sx sidel) (con ?x side2 ?y ?sy))
(and (= ?sx side2) (con ?x sidel ?y ?sy))
(exists (?z - DEVICE)
(and (closed ?z)
(or (and (con ?z sidel ?y ?sy)
(upstream ?x ?sx ?z side2))
(and (con ?z side2 ?y ?sy)
(upstream ?x ?sx ?z sidel))))))))

; (affected ?x) iff ?x is downstream of a faulty line
(:derived (affected ?x - DEVICE)
(and (breaker ?x)
(exists (?I - LINE)
(and (faulty ?I)
(or (and (closed ?x) (exists (?sx - SIDE) (ext ?l ?x ?sx)))
(exists (?y - DEVICE)
(and (closed ?y)
(or (and (ext ?I ?y sidel)
(exists (?sx - SIDE)
(upstream ?x ?sx ?y side2)))
(and (ext ?I ?y side2)
(exists (?sx - SIDE)
(upstream ?x ?sx ?y sidel)))))))))))
; (safe-path ?x ?sx ?l) =
; from ?x to ?I
(:derived (safe-path ?x - DEVICE ?sx - SIDE ?| - LINE)
(or (and (= ?sx sidel)
(or (ext ?I ?x side2)
(exists (?I12 - LINE)
(and (ext ?I12 ?x side2)
(not (faulty ?12))
(exists (?z - DEVICE ?sz - SIDE)
(and (ext ?12 ?z ?sz)
(safe-path ?z ?sz ?0)))))))

true iff there is a path made of non-faulty lines

(and (= ?sx side2)
(or (ext ?I ?x sidel)
(exists (?I12 - LINE)
(and (ext ?I12 ?x sidel)
(not (faulty ?12))
(exists (?z - DEVICE ?sz - SIDE)
(and (ext ?I12 ?z ?sz)
(safe-path 2?2z ?sz ?1)))))))))

; (closed-path ?x ?sx ?l) = true iff there is a path made of non-faulty
; lines and *closed* switches downstream from ?x to ?I

(:derived (closed-path ?x - DEVICE ?sx - SIDE ?I - LINE)
(and (closed ?x)

(not (faulty ?I))
(or (and (= ?sx sidel)
(or (ext ?I ?x side2)
(exists (?12 - LINE)
(and (not (faulty ?12))
(ext ?12 ?x side2)
(exists (?z - DEVICE)
(and (closed ?z)
(exists (?sz - SIDE)
(and (ext ?I12 ?z ?sz)
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and 7 o) (closed-path ?z ?sz ?l)))))))))
and (= ?sx side
(or (ext ?I ?x sidel)
(exists (?12 - LINE)
(and (not (faulty ?12))
(ext ?12 ?x sidel)
(exists (?z - DEVICE)
(and (closed ?z)
(exists (?sz - SIDE)
(and (ext ?I12 ?z ?sz)
(closed-path ?z 2sz 21))))))))))

; (feedable ?I) = true iff there is breaker ?x and side ?sx such that
; (safe-path ?x ?sx ?l)
(:derived (feedable ?I - LINE)
(and (not (faulty ?I))
(exists (?x - DEVICE)
(and (breaker ?x) (exists (?sx - SIDE) (safe-path ?x ?sx ?l)))))

)

; (fed ?I) = true iff there is a breaker ?x and side ?sx such that
; (closed-path ?x ?sx ?l)
(:derived (fed ?I - LINE)
(exists (?x - DEVICE)
(and (breaker ?x)
(closed ?x)
(exists (?sx - SIDE) (closed-path ?x ?sx ?l))))

)

(:action open
parameters (?x - DEVICE)
:precondition (and (not (= ?x earth))
(closed ?x)
(not (exists (?b - DEVICE) (affected ?b))))
:effect (not (closed ?x)))

(:action close
parameters  (?x - DEVICE)
:precondition (and (not (= ?x earth))
(not (closed ?x))
(not (exists (?b - DEVICE) (affected ?b))))
:effect (closed ?x))

(:action wait
parameters ()
:precondition (exists (?b - DEVICE) (affected ?b))
:effect (forall (?b - DEVICE) (when (affected ?b) (not (closed ?b)))))

A.6 PSR, Compiled Version

Note that although a single stratum suffices, we used two strata in order to improve the performance
of the compilation scheme. The first stratum consistspaftream andaffected, and the second
consists okafe — path, closed — path, fed, andfeedable.

(define (domain psr-compiled)

(:requirements :adl)

(types DEVICE SIDE LINE)

(:predicates (ext ?I - LINE ?x - DEVICE ?s - SIDE)
(breaker ?x - DEVICE)
(closed ?x - DEVICE)
(faulty ?I - LINE)
(con ?x - DEVICE ?sx - SIDE ?y - DEVICE 7?sy - SIDE)
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(upstream ?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(affected ?x - DEVICE)

(safe-path ?x - DEVICE ?sx - SIDE ?| - LINE)
(closed-path ?x - DEVICE ?sx - SIDE ?I - LINE)
(feedable ?I - LINE)

(fed ?I - LINE)

(fixed-0)

(fixed-1)

(fixed-2)

(done-1)

(done-2)

(new))

(:action axiom-1
:parameters ()
:precondition (and (fixed-0) (not (fixed-1)))
-effect
(and (done-1)
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(when (and (not (upstream ?x ?sx ?y ?sy))
(closed ?x)
(or (breaker ?x)
(exists (?z - DEVICE)
(or (and (con ?z sidel ?x ?sx)
(upstream ?z side2 ?x 7?sx))
(and (con ?z side2 ?x ?sx)
(upstream ?z sidel ?x ?sx)))))
(or (and (= ?sx sidel) (con ?x side2 ?y ?sy))
(and (= ?sx side2) (con ?x sidel ?y ?sy))
(exists (?z - DEVICE)
(and (closed ?z)
(or (and (con ?z sidel ?y ?sy)
(upstream ?x ?sx ?z side2))
(and (con ?z side2 ?y ?sy)
(upstream ?x ?sx ?z sidel)))))))
(and (upstream ?x ?sx ?y ?sy)
(new))))
(forall (?x - DEVICE)
(when (and (not (affected ?x))
(breaker ?x)
(exists (?I - LINE)
(and (faulty ?I)
(or (and (closed ?x)
(exists (?sx - SIDE) (ext ?I ?x ?sx)))
(exists (?y - DEVICE)
(and (closed ?y)
(or (and (ext ?I ?y sidel)
(exists (?sx - SIDE)
(upstream ?x ?sx ?y side2)))
(and (ext ?I ?y side2)
(exists (?sx - SIDE)
(upstream ?x ?sx ?y sidel))))))))))
(and (affected ?x)

(new))))))

(:action fixpointl
:parameters ()
:precondition (done-1)
.effect (and (when (not (new)) (fixed-1))
(not (new))
(not (done-1))))

(:action axiom-2
parameters ()
:precondition (and (fixed-1) (not (fixed-2)))
-effect
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(and (done-2)
(forall (?x - DEVICE ?sx - SIDE ?| - LINE)
(when (and (not (safe-path ?x ?sx ?l))
(or (and (= ?sx sidel)
(or (ext ?I ?x side2)
(exists (?12 - LINE)
(and (ext ?12 ?x side2)
(not (faulty ?12))
(exists (?z - DEVICE ?sz - SIDE)
(and (ext ?12 ?z ?sz)
(safe-path ?z ?sz ?1)))))))
(and (= ?sx side2)
(or (ext ?I ?x sidel)
(exists (?12 - LINE)
(and (ext ?12 ?x sidel)
(not (faulty ?12))
(exists (?z - DEVICE ?sz - SIDE)
(and (ext ?12 ?z ?sz)
(safe-path ?z ?sz ?I)))))))))
(and (safe-path ?x ?sx ?l)
(new))))
(forall (?x - DEVICE ?sx - SIDE ?| - LINE)
(when (and (not (closed-path ?x ?sx ?l))
(and (closed ?x)
(not (faulty ?I))
(or (and (= ?sx sidel)
(or (ext ?I ?x side2)
(exists (?I12 - LINE)
(and (not (faulty ?12))
(ext ?12 ?x side2)
(exists (?z - DEVICE)
(and (closed ?z)
(exists (?sz - SIDE)
(and (ext ?I12 ?z ?sz)
and | de) (closed-path ?z ?sz ?1)))))))))
and (= ?sx side2
(or (ext ?I ?x sidel)
(exists (?I12 - LINE)
(and (not (faulty ?12))
(ext ?12 ?x sidel)
(exists (?z - DEVICE)
(and (closed ?z)
(exists (?sz - SIDE)
(and (ext ?I12 ?z ?sz)
(and (cosed-path ) (closed-path 2z ?sz ?I))))))))))
and (closed-path ?x ?sx ?
(new))))
(forall (?I - LINE)
(when (and (not (feedable ?I))
(not (faulty ?I))
(exists (?x - DEVICE)
(and (breaker ?x) (exists (?sx - SIDE) (safe-path ?x ?sx ?l)))))
(and (feedable ?I)
(new))))
(forall (?I - LINE)
(when (and (not (fed ?l))
(exists (?x - DEVICE)
(and (breaker ?x)
(closed ?x)
(exists (?sx - SIDE) (closed-path ?x ?sx ?0)))))
(and (fed ?I)
(new))))))

(:action fixpoint2
parameters ()
:precondition (done-2)
.effect (and (when (not (new)) (fixed-2))
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(not (new))
(not (done-2))))

(:action open
:parameters (?c - DEVICE)
:precondition (and (not (= ?c earth))
(closed ?c)
(not (exists (?b - DEVICE) (affected ?b)))
(fixed-1))
:effect (and (not (closed ?c))
(not (fixed-1)) (not(fixed-2))
(not(done-1)) (not(done-2))
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(not (upstream ?x ?sx ?y 7?sy)))
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?| - LINE)
(and (not (safe-path ?x ?sx ?I))
(not (closed-path ?x ?sx ?l))))
(forall (?x - DEVICE) (not (affected ?x)))
(forall (?I - LINE)
(and (not (feedable ?I))

(not (fed ?1)))))

(:action close
parameters (?c - DEVICE)
:precondition (and (not (= ?c earth))
(not (closed ?c))
(not (exists (?b - DEVICE) (affected ?b)))
(fixed-1))
:effect (and (closed ?c)
(not(fixed-1)) (not(fixed-2))
(not(done-1)) (not(done-2))
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(not (upstream ?x ?sx ?y 7?sy)))
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?| - LINE)
(and (not (safe-path ?x ?sx ?l))
(not (closed-path ?x ?sx ?l))))
(forall (?x - DEVICE) (not (affected ?x)))
(forall (?I - LINE)
(and (not (feedable ?l))
(not (fed ?1)))))

(:action wait
:parameters ()
:precondition (and (exists (?b - DEVICE) (affected ?b)) (fixed-1))
:effect (and (forall (?b - DEVICE) (when (affected ?b) (not (closed ?b))))
(not(fixed-1)) (not(fixed-2))
(not(done-1)) (not(done-2))
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?sy - SIDE)
(not (upstream ?x ?sx ?y 7?sy)))
(forall (?x - DEVICE ?sx - SIDE ?y - DEVICE ?| - LINE)
(and (not (safe-path ?x ?sx ?l))
(not (closed-path ?x ?sx ?l))))
(forall (?x - DEVICE) (not (affected ?x)))
(forall (?I - LINE)
(and (not (feedable ?I))
(not (fed ?0)))))
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