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Abstract. The generation of the set of all ground actions for a given[12], quite complex descriptions of preconditions andetere pos-

set of ADL operators, which are allowed to have conditiorfidas
and preconditions that can be represented using arbitratyofider
formulas is a complex process which heavily influences théope
mance of any planner or pre-planning analysis method.

The paper describes a sophisticated instantiation proeettiat
determines so-callethertia in a given problem representation and
uses them to perform simplifications of formulas during th&tanti-
ation process. As a result, many inapplicable actions aezti and
ruled out from the domain representation yielding a muchliema
search space for the planner.

1 Introduction

sible:

e arbitrary function-symbol free first-order logic formuleepresent
preconditions,

e conditional effects have the forffwhen antecedent consequent)
where the antecedent can be an arbitrary precondition ammbti+
sequent is a conjunction of literals, i.e., an atom eitheuos pos-
itively or negatively in it. A conditional effect can also beiver-
sally quantified.

Given such an operator, the instantiation has to replacecalir-
ring variables, which are either quantified or occur as patars of
the operator, by those type-consistent constants, whishleen de-
clared in the planning problem. In order to replace all \@da by

A planning system that handles a more expressive language th constants, the instantiation process proceeds in threzsepha

STRIPS requires sophisticated algorithmic solutions titecaunum-

ber of problems, which have nothing to do with the actualdear 1.

process for a plan. One of these problems concerns the catigrut

of the set ofactionsas all ground instances of a given set of operators.

The aim of the instantiation process is to generate all thosend
instances of the planning operators that are applicableriredegal
world state. This means, that the precondition of the opesdtould
be satisfiable and its effects should be consistent. On ond, lza
naive instantiation procedure that simply expands logicaintifiers
and enumerates all possible instantiations of operatanpeters will
quickly render even simple planning problems unsolvable.ti@
other hand, a rather sophisticated instantiation proeecin rule out
many actions, which will never be applicable in any reacharid
state or that would—if applied—yield an inconsistent sthtshould
also return the most simple syntactic representation afguditions
and effects.

Many planning systems do generate the complete set of &actio

before planning actually starts. They use this set eithehfoencod-
ing of the domain in other representation formalisms sucBAB

[4] or for the derivation of useful information that can helpring

planning, e.g., distance heuristics [2, 3], symmetriesrglpvant ac-
tions [11], and goal orderings [5]. Today, this kind of prequutation
appears to be feasible for domains containing up to 100,080ng

actions. But even if only a subset of the available operasarstan-
tiated, e.g., those that are applicable in a given statagarforward
search, there is the need for a reasonably well performistzutia-
tion algorithm.

The expansion of universal and existential quantifiecsioing in
the first-order formulas representing preconditions oeegdents
of conditional effects eliminates most of the quantifiedalles,

2. The expansion of universally quantified conditional etffeelimi-

nates the remaining quantified variables,

3. theinstantiation of operator parameters eliminatesdhiable pa-

rameters’
In each phase, the followirgtomic instantiation taskccurs:

Given a variable?z, a constantc and an atomic formula,
determine the resulting instantiatigsi?z /c].

This is a trivial problem per se. But after having determined

p[?z/c] one can sometimes simplify this atomic formulaR&LSE
Pr TRUE, which in turn often leads to a further simplification of the

operator representation. The paper addresses exactlprifidem.
We describe what kind ochtomic simplificationsare performed in
IPP [7] under which conditions, how this process can be effityent
implemented and how it affects the search space of the plgrayis-
tem. The techniques have successfully been used in the 1828 A
planning competition wherd®P demonstrated a convincing perfor-
mance across a variety of STRIPS and ADL domains.

The paper is organized as follows: First, we give an ovenogéw
the three phases of the instantiation process. Then we dbéne-
tion of inertia predicates and describe how the knowledge about in-

When using the PDDL language [10] to represent ADL operatorss |, |pp the assumption is made that different operator parameterina
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stantiated with different constants, i.e., the planneeneenerates actions

like move(a,apecause we consider this as a bad domain representation that

should be revised. In fact, in operators with identical tansparameters,
all but one of the constants are superfluous and can be skipp@dthe
representation without loss of information.



ertia is used to performtomic simplificationsWe prove their sound-
ness and describe how the underlying tests can be efficiemplle-

mented. In the second part of the paper we define how atomic sim

plifications can be propagated over the operator descnipdi€urther
simplify the operator representation. We show how unarytismee-
lations can be encoded ggesto speed up the instantiation process.
Finally, the impact of the instantiation process on thecfeapace of
IPP is demonstrated.

2 Overview over the Instantiation Process

After having parsed the domain and problem file into some @ppr
priate data structure, a basic preprocessing step rendimasables

in the logical formulas and assigns unique names to themex@m-
ple, the formulay(?z) AV 7z p(?z) is equivalently transformed into

AND

forall (?res - resource)  (incorporated ?part ?whole) OR
OR AND\ ..........

/\ (transient-part ?part ?whole) forall (?prev - assembly)

NOT (committed ?res ?whole) |
\ OR
(requires ?whole ?res) -
NOT (incorporated ?prev ?whole]

(remove-order ?prev ?part ?whole)

Figure 2. Tree representation of ADL formulas. Note that formulashef t
form ¢ — 9 have been replaced with the equivalent \ ¢ already during
the parsing process.

In the case of a universal quantifier, the resulting treegained

P (?21) AV 722 (722). Then code tables are generated, which mappy anAND. In the case of an existential quantifier, the trees aregbine

strings to unique numbers, i.e., we obtain one number fdr peed-
icate name, variable name, and constant name. Internblgylzse-
quently described operations work over trees of numbenesept-
ing the formulas.

Figure 1 shows the precondition of themove operator from the
assemblydomain [9] with the quantifiers in frames and the under-
lined requirespredicate, which will be used throughout this paper to
illustrate the instantiation process. This predicate Wwasarguments,
the first one?wholebeing an operator parameter of typssembly
and the second on@resbeing a universally quantified variable of
typeresource

:action remove

:parameters (?part ?whole - assembly)
:vars (?res - resource)

:precondition

(and ( (?res - resource)

(imply (requires ?whole ?res)
(committed ?res ?whole)))
(incorporated ?part ?whole)
(or (and (transient-part ?part ?whole)
(?prev - assembly)
(imply (remove-order ?prev ?part ?whole)
(incorporated ?prev ?whole))))
(and (part-of ?part ?whole)
(not ( (?prev - assembly)
(and (assemble-order ?prev ?part ?whole)
(incorporated ?prev ?whole)))))))

Figure 1. Precondition of theemove operator from the@ssemblydomain.

The schematic tree-like representation of this first-ofdenula is
shown in Figure 2. The leaves of the tree contain the atomioditas.
IPP’s instantiation process traverses the tree top-down apdrels
guantifiers one after the other, i.e., it reaches the firsttjie forall
(?res - resourcegnd extracts the variablees together with its type
resourceFrom the problem fildPP knows all constants of this type.
These are now used to instantidtes.

The process considers all constants one after the otheedetr
constant, a copy of the subtree representing the quantifieduia
is generated. In the leaves of this tree, all occurrences-of are
replaced by the selected constant. As we will see belowgtridead
to so-calledatomic simplificationswhich replace an atomic formula
by eitherTRUE or FALSE. In turn, the whole tree can sometimes be
simplified toTRUE or FALSE, which yields a dramatic reduction in
the size of the formula.

by anOR. Figure 3 illustrates the result of the process.

forall (?res - resource) AND

a b ....... k
exists (?res - resource) OR

a b\ . k

Figure 3. Copies of trees generated during the expansion of quastifier
Obviously, if one of the subtrees resulting from the expamsif a universal
(existential) quantifier can be simplified EALSE (TRUE), then the whole

formula can be simplified tALSE (TRUE).

The expansion of quantified conditional effects proceedssim-
ilar way. Figure 4 shows the tree representation ofrttexe opera-
tor from thebriefcasedomain, whose conditional effect contains the
quantifier prefixforall (?x - object) The copied trees will now also
containwhennodes, i.e., numerous partially instantiated copies of
the conditional effect are generated.

The process for instantiating the parameters of an op€ittanto
the same scheme. In each step, it takes a variable parawgesner
with the set of type-consistent constants. For each of thasstants,

a copy of the tree representing the operator is generatedeach
occurrence of the parameter in this tree is replaced witedhstant.
Then, the operator tree is simplified. If, for example, iteqondi-
tion simplifies toFALSE, the whole partially instantiated operator
can be skipped and removed from the domain. After all pararset
have been instantiated, each tree represents a grounddegia., an
action) of the operator.

3 Identification of Inertia and their Use during the

Instantiation

The tree-copying process takes a varidhteand a constant as in-
put and traverses the subformula represented in the treen&Vhar it
reaches an atomic formuja it gets replaced with[?z/c]. In many
situations, it is worthwhile to invest some more effort a@sthoint



move

effect

‘ — (briefcase-at ?to)
AND
— NOT— (briefcase-at from)

pa‘rameters

(?from ?to - location)

precondition —| forall (?x - object)
(briefcase-at from) WHEN
(in ?x) AND

(at ?x ?from) NOT

(at ?x ?to):

Figure 4. Tree-Representation of an operator with a quantified cimomait
effect. Expanding the quantifiéorall (?x - object)results in copies of the
tree starting in thevhennode.

and have a closer look at the result of the instantiation.dddrtain
conditions, namely ip represents aimertia relation, one can deter-
mine thatp[?z/c] must either always bERUE or FALSE. This can
even be the case jif{?z /] is not yet fully instantiated. Let us con-
sider an example from thessemblydomain. The object declaration
introduces a list of objects followed by their types:

:objects doodad valve frob sprocket socket plug - assembly
charger voltmeter battery - resource

The specification of the initial state contains the follogvinstances
of therequiresrelation:

;init (requires frob charger) (requires sprocket charger)
(requires socket voltmeter) (requires doodad voltmeter)
(requires plug voltmeter)

Given the number of declared constants for the two typesrehe
quiresrelation can be instantiated withx 3 = 18 different type-
consistent tuples, wheteof them occur in the initial state.

The expansion of the first universal quantifier that is shaamed
in Figure 1 generates three copies of the formula tree, eataio-
ing either the partially instantiated atgmequires ?whole voltmeter)
(requires ?whole charger)r (requires ?whole battery)lwo obser-
vations can be made:

e |f (requires ?whole ?res) never occurs as a positive efféeiny
operator then the only instances of this predicate, whichhoad
in any state, are those that are specified in the initial sTts,
for example, implies tharequires ?whole batterygan never hold
and is therefore equivalent EALSE.

e If (requires ?whole ?res) never occurs as a negative effeahy
operator then the only instances that carFB&SE in any state
are those that aneot contained in the initial state. Now, if the ini-
tial state contained all possible ground instances of,(saguires
?whole voltmeter)then this partially instantiated predicate could
be replaced byfRUE. All of its instances would be initially true
and thus persist in all reachable states.

In the following, we will formalize these ideas and give agise
notion ofinertia.

3.1 Inertia Relations

IPP proceeds over the domain and problem description and ¢®llec
all used relation names. For each relation it checks if isBas one
of the following definitions:

Definition 1 A relation is apositive inertiaff it does not occur pos-
itively in an unconditional effect or the consequent of aditional
effect of an operator.

Definition 2 A relation is anegative inertiaff it does not occur neg-
atively in an unconditional effect or the consequent of aditional
effect of an operator.

Relations, which are positive as well as negative inertia,sém-
ply calledinertia. Relations, which are neither positive nor negative
inertia, are calledluents The detection of inertia and fluents is easy
because in ADL, effects are restricted to conjunctionstefdils. Fur-
thermore, this information can be obtained with a singlepaer the
domain description, which takes almost no time at all. Ingbgem-
bly domain, the status of all relations can be inferred asvahio
Figure 5.

predicate nam¢g pos. effect| neg. effect status
available yes yes fluent
requires no no inertia
part-of no no inertia
transient-part no no inertia
assemble-orde no no inertia
remove-order no no inertia
complete yes no neg. inertia
committed yes yes fluent
incorporated yes yes fluent
Figure 5. Inertia Relations in the Assembly Domain.

3.2 Atomic Simplifications

In order to decide if an inertia can be replacedBUE or FALSE
one needs to determine and count all type-consistent graund
stances of an inertia predicatethat match a partially instantiated
occurrence op.

Definition 3 Letr be somaype name
dom(t) ={ec1,...,em}

denotes thelomainof 7, i.e., the set of constants having type

In PDDL, each constant is either explicitly declared as peiha
particular type or it has the default typbject The same applies to
all operator parameters or quantified variables. Each gaglimust
be explicitly declared together with its arguments, for evhtype
names can be given or the default type is assumed.

Definition 4 Letp be a predicate of arityr. Leta = (a1, ..., an)
be the argument vector of some partially instantiated o@nge of
p where eachu; is either a constant or variable. With

V(ad) ={i e{1,...,n} | a; isavariable

we denote the positions ifithat are occupied by variables.



Definition 5 Letp be a predicate and l€t be the argument vector of
some partially instantiated occurrence pfLetr; be the type name
of position: in predicatep. Then

MAX(p@) = [ Idom(r)|

i € V(@)

(1) FALSE, then no state which is reachable from the initial state
satisfies any type-consistent ground instancg@af).
(2) TRUE, then any state which is reachable from the initial state
satisfies all type-consistent ground instance&af).

Proof:
(1) holds because Ml(p @) = 0 then none of the type-consistent

denotes the number afl possible type-consistent ground instances ground instances dfp @) are contained the initial state. Singés a

of p that unify with the argument vectar In contrast,

N(p @) = {(p &) € T| (p ©) unifies with(p @)}|

denotes the number of unifying ground instanceg tifat are con-
tained in the initial stat&. ObviouslyN(p @) < MAX(p @) holds.

It is worthwhile noticing here thaPP will remove all variables or
parameters that have ampty typeTherefore, we havlom(r;)| #

0 for each positiony of any partially instantiated occurrence of the
predicatep. Thus, for any(p @) we haveMAX(p @) # 0. As an
example, let us considdp @) =(requires ?whole voltmeterfor
which one obtains

V(a) = {1} /* only one variable argument */
T1 = assembly
dom(assembly = {doodad, valve, frob,

sprocket, socket, pldg

MAX (requires ?whole voltmetgre= 6

[* 6 objects can instantiatéwhole*/

N (requires ?whole voltmetgr= 3

/* 3 instances in the initial state contavoltmeter*/

A partially instantiated atomic formula can be simplifiedtBUE
or FALSE if it satisfies one of the conditions defined below.

Definition 6 Let (p @) be some partially instantiated atomic for-
mula constructed during the instantiation process.

If pis a positive inertia andN(p @) = 0
then (p @) is simplified toFALSE.

If pisanegative inertia andl(p @) = MAX(p @)
then (p @) is simplified toTRUE.

In all other casegp a) cannot (yet) be simplified and remains in the
(2) The first argument is instantiated, but the second argtiisea

formula tree as it is.

From the treatment of empty types, we know th&AX(p @) # 0

positive inertia, no other instances can be generated bplany

(2) holds because #l(p @) = MAX(p @) then all type-consistent
ground instances are contained in the initial state andpeiist in
all reachable states becaysis a negative inertia. u

Atomic simplification requires to determine the numbgp @)
of all those ground tuples in the initial state that unifytwé given
argument vector of arbitrary length, containing varialesonstants
at arbitrary positions. Using a naive solution, this meangerform
a single pass over the initial stafe testing for each fact if it uni-
fies with (p @). Obviously, the time complexity i®(|Z| * nmax)
wheren,, . denotes the maximum arity of the predicates. The test
for atomic simplification has to be done for every leaf of gveee
that is ever generated during the instantiation process.rtimber
of these leaves is likely to be enormous, so there is a stread for
a highly efficient method to findl(p @). In the following, such a
method is described, which allows to retrieve the number atchn
ing initial facts in time linear in théength ofé, i.e., in the arity of the
predicatesQ(nmaqz )-

3.3 Efficient Implementation of Atomic
Simplifications

In principle, the idea behind the implementation is as sengd this:
Before instantiation starts, perform a single pass oveiritial state
and create tables in which the occurring tuples are docledettien
later determine the proper table entry {pra) and look up the cor-
rect value ofN(p @). What makes the process complicated is that we
have to deal witlpartially instantiatedargument vectorg.

Let us consider theequirespredicate as an example. For its argu-
ment vector of lengtR, four cases can occur:

(1) Both arguments are variables and tAus (?z1, 7z2). One needs

to determine the total number of occurrencesesfuires (with
arbitrary arguments) in the initial state.

variable and thug = (c1, 7z2). We need the number of occur-
rences ofequireswhere the first argument is.

holds for(p @). Therefore, obviously at most one of the above tes{g) Only the second argument is instantiated &@ng (?z1, c2). We

can succeed. For examplegquires ?whole batteryiy a positive in-

need to count the occurrences withat the second position.

ertia. It can be simplified t¢-ALSE because neequiresinstance (4) Both arguments are instantiated a@he- (c1, c2). The question is

from the initial state matches the argument vec®wl{ole, battery
i.e., N(requires ?whole batteryy 0 and the first test succeeds.

That an atomic formula can sometimes be simplified RUJE is
best seen in the case when it is fully instantiated. Takegfam-
ple, (requires plug voltmeterJhis fact occurs in the initial state, so
N(requires plug voltmeter) 1 # 0 and the first test fails. How-
ever, MAX(requires plug voltmetes) []._, |dom(r;)| = 1 and
the second test succeeds. This reflects (fegtuires plug voltmeter)
is initially TRUE and will never be mad€ALSE becauseaequires
is a negative inertia.

Theorem 1 (Soundness of Simplifications)
Given a planning domain and problem(jf @) is simplified to

whether the initial state contairfeequires: c2).

For each of these four cases, a separate table is constriitted
table entries are computed from the initial state. The diiwenof
each table corresponds to the number of instantiated positif the
argument vector. In Case (1), the table is therefledémensional and
simply consists of an integer counting the numberegjuiresfacts
in the initial state. For Cases (2) and (3)la&imensional table is
needed, with one entry for each object that is type-contistih the
instantiated argument. For each of these objects, thespmneling
entry counts the number of times thraguiresoccurred in the initial
state instantiated with that object. In Case (43;@&mensional table
is constructed. Its entries are indexed by all pairs of typesistent



objects that can instantiate tregjuirespredicate. For each such pair,
the entry is set ta iff requiresoccurred in the initial state instantiated
with that pair. All tables are shown in Figure 6.

{1}
doodad | 1 {2}
0 valve | 0 charge |2
frob 1
voltmeter | 3
sprocket| 1 batter 0
socket | 1 y
plug 1
{1,2}
charger| voltmeter | battery
doodad 0 1 0
valve 0 0 0
frob 1 0 0
sprocket 1 0 0
socket 0 1 0
plug 0 1 0

Figure 6. The tables to represent those facts frérthat match a given
argument vector for theequirespredicate. Given the set of instantiated
positions ad), {1}, {2} or {1, 2}, the corresponding tables are shown from

left to right and down.

Let p be a predicate of arity. For each subset’ C {1,...,n},
atableT(p C) has to be constructed. The tablg@§-dimensional
and lists one entny (p C)(c) for each type-consistent tupiof
constants that can possibly instantipt@t exactly the positions i@'.
All entries are initially set to zero.

Note that although the number of tables is exponential iratftg
of the predicates, planning domain representations rarstypred-
icates with more than 3 or 4 arguments. We also argue that it i
rather unlikely that significantly more arguments will bejuged
even when more complex domains are modeled. First, theyctzri
the representation is affected, which would make it hargfouman
user to understand the domain model. Second, it is hard tgiima
that an expert in planning domain modeling would set up swtna
plicated representation. Finally, the few representatifreal-world
domains, which have been published so far, e.g., [14, 8] ghaiv
sources of complexity do not occur necessarily in terms efajor
arguments.

Definition 7 Letd = (a4, ..., an») be an argument vector of size

eacha; being either a variable or a constant. Lét= {i:,..., i}

be a set of possible positions, i.€, C {1,...,n}, where the
i1,.. .1 are ordered increasingly. With

alc == (aiy, - .-, ai,)
we denote theestrictionof @ to the positions irC'.

Intuitively, the restriction of a vector to some $gtC {1,...,n}
is obtained by simply skipping all those positions that asein C,
but preserving the order of the arguments.
Now for each ground atorfp ¢) that occurs in the initial state, the
following is done:
forall setsC C {1,...,n} do
incrementT (p C)(él¢)
endfor

@)

S

Performing process (1), we count for all instanceg iofthe initial
state how often each combination of constants occurs fatranp
setsC of positions.

Definition 8 Letp be a predicate of arity:. Let@ = (a1, ...,an)
be the argument vector of some partially instantiated o@nage of
p. With

C@):={ie{1,...,n} | a; is aconstant
we denote the positions whefes instantiated.

During instantiation, given a partially instantiated poade(p @),
we determine the sef(@) of positions where the argument vector
is occupied by constants. The appropriate tab{p C'(@)) is the
one corresponding to that set. The entry in this table thavam to
access is the one indexed by the constants in the currennargu
vectord, i.e., by the restrictiod| (5 of d to its constants.

Theorem 2 (Soundness of Tables)
Let the tablesT be the result of performing procegk) for each fact
in the initial state. Then we have for each partially insiated pred-
icate (p @):

N(p @) = T(p C(@))(@lc@))-

Proof:
Per definitionN(p @) = |{(p €) € Z | (p &) unifies with(p @)}|.
We will show for each factp ¢) € Z: When process (1) works on

(p o),
T(p C(a@))(d|c(ay) gets incrementees (p c) unifies with(p @) (*)

As process (1) is performed for each facfirthe proposition follows
directly from(x), which remains to be shown.

=-: We prove the contraposition. L&’ ¢’) be a fact inZ that does
not unify with (p &@). If p" # p, process (1) never even considers
the tableT(p C(@)). Otherwise, one entry in this table gets incre-
mented when the process reaclies= C(a). But, as¢’ does not
unify with @, there is at least one constantifjc (s, that is different
from the corresponding constant (). Therefore, the table en-
try in T(p C(a)) that gets incremented is different from the one for
e @)-

<:Let(p ©) € T be afact that unifies witfp @). When process (1),
working on(p ¢), reacheC = C(&), the entryT(p C(a))(Elc(a))
gets incremented. A8 is a ground instance that unifies wiih we
haved|c(a) = @|c(a), SO this entry is exactly (p C(@))(@]c(s)). ™

During the instantiation process it remains to find the cpoad-
ing table entry in order to determine the correct valueNgp a).
Since constants are internally keptragnbersthey can in principle
be used as indices into a table. However, to directly indtxtime ta-
bles, one would need to define tablesadditrary dimensioninstead,
the implementation uses an implicit representation of éitiets. The
appropriate address is computed by performing a sweep loseart
gument vector, which takes tim@(nm,.z ). As arities are usually
small, this running time is very close to constant anyway.

3.4 Ground Level Inertia

So far we have only considered theedicateswhich are never made
true or false by a planning operator. These were used toradmghe
instantiation process. Once the set of all actions has betenrdined,
one can similarly define thground factghat are never made true or
false by one of the actions.



Definition 9 A ground fact is gositive ground inertidf it does not
occur positively in an unconditional effect or the consequef a
conditional effect of an action.

The first-order formulas which represent the preconditimingp-
erators and the antecedents of conditional effects ardifiedased
on the well-known tautologies as shown in Figure 7. Besithés t

IPP implements the following simplifications:
Definition 10 A ground fact is anegative ground inertidf it does

not occur negatively in an unconditional effect or the capmt of 1. If a quantified variable does not occur in the quantifiedniala,
a conditional effect of an action. the quantifier is removed, i.&,7z ©(?y) is simplified top(?y).>
2. If a quantified variabl€z has anunknown typewhich has not

An initial fact, which is a negative ground inertia, is neveade
FALSE and thus alwaysatisfied in all reachable world states. It can
be removed from the state description. All its occurrenodbe pre-
conditions of actions and in the antecedents of conditieffatts can
be simplified toTRUE.

A fact, which is a positive ground inertia amdt contained in the
initial state, is_nevesatisfied in any reachable world state. All its
occurrences in the preconditions of actions and in the adtsds of
conditional effects can be simplified EALSE.

The remaining facts are fluents that, roughly speaking, @&n p
sibly change their truth value during the planning procé&ésy are
thereforerelevantto the representation of the planning problem.

been declared in theypes field of the domain file or if it has an
empty typefor which no constant has been declared in the prob-
lem file, then the quantified formula is replaced BRUE in the
case of a universal quantifier and B&XLSE in the case of an ex-
istential quantifier.

An equality between two identical variable names, =7z, is
simplified toTRUE. An equality between two identical constants,
c1 = c1, is also simplified tafr RUE. If the constants are different,
i.e.,c1 = c2, the equality is simplified t6ALSE. In a fully instan-
tiated formula, all occurrences of equalities have beelaceg by
TRUE or FALSE.

3.

The simplification of first-order formulas can reduce a whuie-
condition, antecedent or consequentTBUE or FALSE. In this
case, the operator description can be simplified:

Definition 11 A ground fact igelevantiff

1. itis aninitial fact and not a negative ground inertia, dr i
2. itis not an initial fact and not a positive ground inertia. 1. Ifthe antecedent of a conditional effect becomRak SE, the con-
ditional effect is removed from the operator. In this cake gffect
Using the table which corresponds to the fully instantiatese of is never applicable because it requifésLSE to hold, i.e., the
the process described in the previous section, one can fimeled state must be inconsistent.
vant facts by performing a single sweep over the initialestatd the 2 |f the antecedent of a conditional effect becomBYJE, the con-

effects of all actions.

The simplified actions and the set of all relevant facts ega tised 3.
by IPP to generate a bitvector representation for all states and ac
tions, where each relevant fact corresponds to a positiarbitvec-
tor.

ditional effect becomes unconditional.

If the consequent of a conditional effect becomB&JE, the con-
ditional effect is removed because it does not lead to ang sta
transition.

4. If the precondition or the unconditional effect of an ager be-
comesFALSE, the whole operator is removed from the domain.
5. If an operator has onlyRUE as its unconditional effect and no

4 Simplification of Operator Representations O :
conditional effects, then the whole operator is remdied.

As we have already mentioned in the beginning, the instioria
process creates copies of trees representing formulaspamdtors.
These trees can be simplified if one of their subtrees hasdieghi-
fied to TRUE or FALSE, which can result from the atomic simplifi-
cations performed during the instantiation process. Af smsuch
an atomic simplification has replaced an atomic formuld BYE or
FALSE, the subsequently described non-atomic simplificatiorr-ope
ations are performed!.

In the final set of actions, to which no simplifications can ppled
anymore, all unconditional effects are merged into a singlgunc-

tion of literals and all conditional effects with identicahtecedents
are merged into a single conditional effect.

IPP also implements various syntax checks that help to develop
proper domain representations:

1. An operator is removed (a warning is issued, but planngy c

tinues) if an operator parameter is declared using an unkramw
—-TRUE = FALSE —-FALSE = TRUE empty type.
TRUEA = o oA = ¢ 2. A parameter is removed from the operator description (aiwg
FALSEAp = FALSE oVe = o is issued, but the operator remains in the set) if it is dedabut
nowhere used in the preconditions or effetts.
TRUEV¢e¢ = TRUE pAN-p = FALSE
FALSEVe = o pV-p = TRUE IPP aborts the instantiation process if it encounters one ofdhe
lowing situations:
5 Unused quantified variables will usually not appear in thttaindomain
. o . description. They can, however, appear as a result of atsimiglifications.
Figure 7. Implemented Simplifications for First-Order Formulas. 6 Removing effects or whole operators can possibly turn fiigrtb inertia,

i.e., one could repeat the whole analysis procedure agawelkr, such
a phenomenon was not observed in any planning domain anefaherit
seems not worth to invest the effort into such a fixpoint cotafion.

7 Just like unused quantifiers, this can also happen as a afsithplifica-
tions.

4 They are also performed once directly after having parseditmain and
problem file.



1. A predicate symbol is overloaded. PDDL requires the datitan
of predicates, their arity and the types of their argumentsen
parsing the domain and problem filéBP verifies that all occur-
rences of a predicate meet the declaration.

2. An equality statement occurs in an unconditional effedhdhe
consequent of a conditional effect.

3. An equality statement has less or more than two arguments.

4. Avariable occurs that is neither declared as a parametdraund
by a quantifier.

5. A constant occurs that has not been declared in the prdileem

5 Encoding Unary Inertia as Types

Many domains, in particulaall STRIPS domains used in the 1998
AIPS planning competition contaimnary inertia These are predi-
cates of arity one, which satisfy Definitions 1 and 2 and trusat
occur in any of the effects. In other words, the set of constathat
can ever (and will always) satisfp c) is exactly the set of constants
occurring as the arguments of the instanceg iofthe initial state.

Obviously, this set can be seen as the encodirgpginformation
because the single variable argumenpafan only be instantiated
with one of these constants if we want to obtain a possibigfeable
atomic formula. As a matter of fact, in the STRIPS domainsnfro
the planning competition, all unary inertia where intenttedrovide
implicit type information, as there are no explicit typesegi in clas-
sical STRIPS, see Figure 8 for an example.

One can easily make this implicit type information explanitd re-
move all unary inertia from the domain description. The fesly
described instantiation process that identifies and sfieplinertia
will also achieve the desired simplification of unary inerthecause
they are simply a special case wrt. the length of the arguwverit
tor. However, doing it this way, the algorithm repeatedinemtes
copies of formula trees, only to find out that it can removaentlim-
mediately afterwards because they use the “wrong objectsbime
unary inertia. For example, when instantiating the set tbas for
the problemst ri ps-1 0g- x- 9 from thelogisticsdomain used in
the competition, 55088 actions are generated for whichrtsinti-
ation procedure needs 527 seconds.

:action load-truck

:parameters (?obj ?truck ?loc)

:precondition (and (obj?obj) (truck?truck)
(location?loc) (at ?truck ?loc)
(at ?0bj ?loc))

:effect (and (not (at ?obj ?loc)) (in ?obj ?truck))

Figure 8. Theload-truck operator from théogisticsdomain. Note the
untyped parameters and the underlined unary inertia @egichat
implicitly encode the type information.

Consequently, there is the need for a further optimizatibthe
instantiation process, which can be achieved through asepaeat-
ment of unary inertia. The optimization, which is descrilredetail
in this section, encodes all the unary inentg, city, truck airplane
locationandairportdirectly as types, which restrict the instantiation
possibilities for the arguments of the operators. Runrime for this
example decreases down to 63 secdhds.

& The instantiation procedure implementedIRP 3.3 that has been used
in the competition is still a bit faster: It needs only 52 sei® for this

We now give a precise notion of how implicit type information
can be made explicit. First, for each unary inertia predipahe new
type symbolr, for the type corresponding tis introduced.

Definition 12 Let p be an inertia predicate of arity. The typer,
corresponding tg is defined as the type whose domain comprises
all constantsc for which (p ¢) holds in the initial stateZ:

dom(ry) = {¢| (p ) € T}

New types can be constructed from other types by intersgatin
subtracting from each other the corresponding sets of abtsst

Definition 13 Letr; andr» be type names. Then N andr; \ 72
are new type names. Their domains are defined as:

dom(m1 N 12) = dom(11) N dom(72)
dom(m1 \ 72) = dom(m1) \ dom(72)

After having extracted all types, for unary inertiap from the
initial state, the type structure of the domain represénas refined
with the typesr, and types that can be constructed from them.

Definition 14 Leto be some operator antle be one of its parame-
ters. Letp be a unary inertia. I{p ?z) occurs in the preconditions of
o or in the antecedent of one of its conditional effeetis replaced
by two new operatorsl and 02:

e In ol, the typer that has been declared fdr is restricted to
7N 7, and all occurrences ofp ?z) are replaced withTRUE.

¢ In o2, the typer that has been declared f8t is restricted tor\ 7,
and all occurrences ofp ?x) are replaced withHFALSE.

Similarly, quantified formulas in preconditions or anteeets of
conditional effects are replaced.

Definition 15 Letyp =V ?z : 7 ¢ be some universally quantified
formula containing a unary inertig with argument’z of typer. The
formulay is replaced withy' defined as

o' = V?:rnm Y[(p?z)/TRUE] A
V?z:7\ 7 ¢[(p?z)/FALSE]

Lety = 3 7z : 7 ¢ be some existentially quantified formula con-

taining a unary inertigp with argumentz. Thenyp is replaced with
’

14
o= F:rNm1 Y[(p?z)/TRUE] V
3%z :7\ 1 ¥[(p ?z)/FALSE]

In the definition abovey[(p ?z)/TRUE] and«[(p ?x)/FALSE]
denote the formulas, which are obtained frgnf all occurrences of
(p ?x) have been replaced wifRUE andFALSE, resp.

The soundness of the replacements follows from the obsenvat
that under the restriction N 7, the atomic formuldp c) is always
TRUE because only constantsare considered which are also in
dom(7p). Under the restriction- \ 7, only constantg € dom(r)
are considered that ar®t members oflom(r,) and thus(p c) is
alwaysFALSE.

We formally state the soundness of the replacements foetmniv
sally quantified formulas.

example. However, this procedure uses a specialized #igonvhich is
only capable of handlingonjunctivepreconditions, and it generates a total
of 62261 actions because no test for ground inertia is performed.



Theorem 3 (Soundness of Type Encodings)

Letp be a unary inertia predicate. Let = V 7z : 7 ¢ be a formula
with (p ?z) being a subformula of. Lety’ be the formulay gets
replaced with according to Definition 15. Then, for any statbat
is reachable from the initial state holds

sEe & sE¢

Proof:

From the definition ofr, we know that all constants € 7, occur
as arguments of in the initial state, i.e.N(p ¢) = 1. For those
constants: ¢ 7,,, we haveN(p ¢) = 0. With Definition 6 and Theo-
rem 1, we get for all statesthat are reachable from the initial state:

(1) sE(pe) for cemn

(2) stE(pe) for cg mp

From this, we can immediately conclude for all statethat are
reachable from the initial state:

3) sEv < skEyY[(p?x)/TRUE] for c € 7p

4) sEv < s EyY(p?r)/FALSE] for ¢ ¢
Thus, for any such state
sEVIz:rp e foralcer:sEy[lz/d

s foral cernN,:s=4y[?z/c] and
forall ce 7\ 7 : s =97/

(3) and (4) & forall ce N1y s = Y[(p ?72)/TRUE] and
forall c € 7\ 7 : s = ¢[(p 7z)/FALSE]

S skEV?: TN Y[(p 72)/TRUE] A
V 7z : 7\ 7 ¢¥[(p 7z)/FALSE]

As the last formula is exactly’ as defined in Definition 15, the
proposition follows. u

The soundness of the type encoding follows from the factttieat
modified operator set with the newly introduced types hastéxthe
set of ground instances, which is generated by the instamtigro-
cedure using inertia and performing atomic simplificatitimest we
described in the previous section. The soundness of thaceplent
of existentially quantified formulas follows with similarguments
as in the universally quantified case.

As an example, let us consider the operator from Figure &agai
As there is no explicitly defined type for any of the three pagters
they are assigned the default typlject When examining the first
parameter?obj IPP finds that it is used in the unary inertia predicate
obj. Therefore, it generates two copies of the operator, otstthe
parameter types according to Definition 14, and performscthe
responding atomic simplification of the unary inertia. Tlsuit is
shown in Figure 9.

In the first operator, the atomRUE can obviously be removed
from the conjunction, which leads to a simplified precomuditiAsall
constants in the STRIPIBgisticsproblems are defined to be of type
object the domaindom(object N 7op;) = dom(7,5;) COMprises
exactly those constantsfor which (obj c) is contained in the initial
state.

In the second operator, the first atomic precondition has bee
placed byFALSE as no constant idom(object \ 705;) can satisfy
(obj c). Thus, the whole precondition of this operator simplifies to

:action load-truck (")
‘parameters (?obj - objec 1oy ?truck ?loc)
:precondition (and (TRUE )
(truck ?truck) (locatior?loc)
(at ?truck ?loc) (at ?obj ?loc))

:action load-truck ®
:parameters (?obj - object\.; ?truck ?loc)
:precondition (and (FALSE )
(truck ?truck) (locatiorloc)
(at ?truck ?loc) (at ?obj ?loc))

Figure 9. Parameters and preconditions of the two hesd-truck
operators, which result from the encoding of the unary iagmtedicateobj
as atype.

applicable. Note that in the case of arbitrary first-ordecpnditions
one cannot usually expect that operators can be removeddiataky
just after they have been generated.

Repeating this process for the other two parameters, altbeeys
second copy is removed immediately after it has been gextbeatd
thusIPP obtains the final representation of tlead-truck operator,
which is shown in Figure 10.

:action load-truck
‘parameters ( ?0bj - objec T,;

?truck - object Tiryck

?loc - objec Tiocation)
:precondition (at ?truck ?loc) (at ?obj ?loc))
:effect (and (not (at ?obj ?loc)) (in ?obj ?truck))

Figure 10. The new operatadioad-truck, which results from the encoding
of all unary inertia as types and which replaces the origiparator
representation. This operator is identical with the onéithased in the
typed version of this domain.

The encoding of unary inertia as types is one possibility@f h
type information can be used to reduce the search space ahaepl
TIM [1] implements additional sophisticated type analysisthods,
but currently limited to STRIPS. The extension of this warkdDL
and its combination with the instantiation method that sadibed in
this paper remains a subject of future work.

6 Empirical Results

Many examples could be presented, which nicely illustriagebene-
fits of an instantiation procedure that takes inertia intosideration.
For example, in thenoviedomain used in the planning competition,
5 operators are declared to get snadet-chips get-dip get-pop
get-cheeseget-crackersEach of them has a similar description, of
which we only exemplify theet-chipsoperator:

get-chips

:parameters (?x - chips)
:precondition

:effect (have-chips).

One observes that the parameteiis not used anywhere in the op-

FALSE and it can be removed from the operator set as it will never beerator description. If for example, 9 different constants declared



for each kind of snack, one obtains 9 ground instances of epeh
ator, which are all identical and spam the search space pidneer.

do not hold in the initial state. Thus, these facts are usialtle and
all preconditions using them can be simplifiedRALSE. Since all

In all movieproblems, the goals are reachable at time step 1, but actions withFALSE as a precondition are removed from the action

plan can only be extracted at time step 2, i.e., a permutaticail
actions at time step 1 is performed by the complete searchitign.

Not very surprisingly, this takes almost 3 sIfPP 3.3 on a Sun Ul-
tra 1/170 because 250973 actions must be tried before acsolst

found. In contrast to this, when detecting the unused paeranly
one instance is generated for each operator, which draaligtie-

duces the search space down to 29 actions and thus a plamésifou

only 0.06 s.

set, a further reduction of the size of the planning graplciseved.
For example, in the case of 3 discs, 10 out of 48 actions ama-eli
nated. In the case of 8 discs, 140 out of 468 actions are reiméve
search space of only 295.535 actions results and the plebbafteps
is found in only 16 seconds.

7 Conclusion

In the assemblydomain, operators can be dramatically simplified The generation of the set of all ground actions for a given set

because they contain so many inertia. For example, the eorppé-
condition shown in Figure 1 uses 7 different predicatesbtftthem
are inertia. This means that each precondition must siyntdif for-
mula only mentioning the fluent&icorporatedand committed For
many actions, the precondition reduces to a single atonmauta

using only theincorporatecpredicate IPP 4.0 is thus able to solve

of expressive ADL operators is a complex process which heav-
ily influences the performance of any planner or pre-plagnin
analysis method. The implementation comprises more th&® 50
lines of C code and is available from th¥P webpage at
http:www.informatik.uni-freiburg.de/~ koehler/ipprht in the re-
lease oflPP 4.0. We hope that the instantiation procedure will be-

someassemblyroblems, while previous versions failed already dur- come a useful part of reusable code that helps other resrasams

ing the instantiation, see Figure 11 for selected results.

problem actions| cpusec.| searchspace
assem-x-1| 114/760| 1742.43 64 673 043
assem-x-2|  84/882 18.03 848 829
assem-x-3| 190/1248 0.83 108
assem-x-6| 118/1800| 46342.80| 1283 078 957

Figure 11. Performance ofPP onassemblyproblems on a Sun Ultra
1/170.

Column 2 shows the number of generated actions using the in4!

stantiation process with inertia compared to the numbeH pioasi-

ble actions using naive enumeration. The search space isuneeh
in the number of actiond”P tries until it finds a plan. The solution

plans involve between 31 and 38 actions, but require onlydet 10
and 18 time steps, i.e., they involve quite some parallelSeveral
other problems from this domain can be proven as unsolvable.

The determination ofroundinertia helpsiPP to discover infor-
mation that it would not be able to find if only inerfimedicatesvere
analyzed. An interesting example of this behavior occuteétower
of Hanoidomain. Given the operator

move(?disc, ?from, ?to: disc)
:precondition (and (smaller ?to ?disc)

in setting up their own planners more quickly and withoutlitega
with the burden of reimplementing the same preprocessingepr
dures again and again.
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