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Preface

The Planning Domain Description Language (PDDL) was first devised and proposed by a com-
mittee led by Drew McDermott in preparation for what turned out to be the first in a series of
international planning competitions, held in 1998. Itsrole at that stage was simply to support a uni-
form foundation for the competitors in order to simplify the problem of domain encoding. Prior to
its development, planners used a mixture of similar, but dlightly different, domain description lan-
guages. The differences made sharing domains significantly harder and mitigated against a strong
empirical evaluation within the subject. Although its role was originaly primarily as a support for
the competition, PDDL has been widely adopted in the research community because of the growing
collection of resources available to use with it. The advantages of sharing effort on domain engineer-
ing, problem generators, domain engineering support tools, domain analysis tools, plan validation
and visualisation tools and planners themselves make it clear that the research community has much
to gain in awidespread use of a standard language.

Nevertheless, PDDL is not a panacea. Nor is it a static, stable standard. For the third compe-
tition, in 2002, Maria Fox and Derek Long led a committee that extended the core of PDDL (the
fragment that had been widely accepted) in order to capture temporal planning domains and plan
optimisation metrics. Some of the proposed extensions have already been tested and seen initia ac-
ceptance: others remain challenges that might be faced or might be superceded by other proposals
for changesto PDDL. There are significant gapsin PDDL: for example, it does not contain language
elements for expressing uncertainty, for representing certain kinds of constraints, for capturing rich
domain knowledge, for modelling knowledge acquisition or for describing the capabilities of poten-
tial plan executives. Some of these features exist in existing research languages and others remain
areas of speculation.

In order for PDDL to continue to serve the needs of the community, playing itsrole in unifying
effort and encouraging sharing of resources which can contribute so much to the rapid devel opments
in the research, it isimportant to make PDDL an open standard. It took the field 40 years to achieve
areasonable consensus on the expression of basic pre- and post-condition actions: it isunlikely that
consensus will be achieved quickly on the expression of more complex planning domain features,
many of which are very active research themes. This workshop is an opportunity for members of
the research community to contribute to the debate that will progress PDDL towards a consensus.
The debate occupies two levels. On the one hand is the very immediate question of what features of
planning domains are most pressing for addition to PDDL and how can they best be integrated both
syntactically and semantically with existing features. On the other hand is the question of how the
process of the development of PDDL can be managed within the community to ensure that it does
not either stagnate, because of lack of agreement about its future development, or fork into multiple
incompatible directions, because of lack of coordination over its development.

This workshop will offer opportunities for discussion of aspects of both of these questions.
Therewill betechnical presentations of proposed extensions or modificationsto the language, panels
in which competing directions of development will be debated and, we, the workshop co-chairs,
very much hope, audience participation in debate and discussion about the future of PDDL.

Planning research has moved forward quickly over the past decade. Few would disagree that
PDDL has played an important part in that progress. Indeed, for many, the adoption of a standard
planning domain description language can be seen as central to the research goal of development of a
useful domain-independent planning system. The co-chairs hope that this workshop will contribute
an important next step in the development of the standard and, ultimately, to increasing opportunities
for planning research to find useful application.
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Abstract
This paper describes an extension to PDDL, devised to
support hierarchical planning. The proposed syntactic
notation should be considered as an initial suggestion,
headed at promoting a discussion about how the standard
PDDL can be extended to represent abstraction
hierarchies.

I ntroduction

Hierarchical planning exploits an ordered set of
abstractions for controlling the search. This choice has
proven to be an effective approach for dealing with the
complexity of planning tasks. Under certain assumptions
it can reduce the size of the search space from
exponential to linear in the size of the solution
(Knoblock 1991). The technique requires the original
search space to be mapped into corresponding abstract
spaces, in which irrelevant details are disregarded at
different levels of granularity.

Two main abstraction mechanisms have been studied in
the literature: action- and state-based. The former
combines a group of actions to form macro-operators
(Korf 1987), whereas the latter exploits representations
of the world given at alower level of detail.

The most significant forms of the latter rely on (i)
relaxed and on (ii) reduced models. In relaxed models
(Sacerdoti, 1974) acriticality value is associated to each
predicate, so that operators preconditions can
progressively be relaxed, while climbing the abstraction
hierarchy, by dropping those predicates whose criticality
value is under the one that characterizes the current
level. In reduced models (Knoblock 1994) each
predicate is associated with a unique level of abstraction
—according to the constraints imposed by the ordered
monotonicity property; any such hierarchy can be
obtained by progressively removing certain predicates
from the domain (or problem) space.

From a general perspective, abstractions might occur on
types, predicates, and operators. Relaxed models are a
typical example of predicate-based abstraction, whereas
macro-operators are an example of operator-based
abstraction. In (Armano, Cherchi, and Vargiu 2003)
some experiments on abstraction on all the three
dimensions are presented.

Historically, several planning systems used abstraction
hierarchies, e.g.. GPS (Newell and Simon 1972),
ABSTRIPS (Sacerdoti 1974), ABTWEAK (Yang and
Tenenberg 1990), PABLO (Christensen 1991),
PRODIGY (Carbonell, Knoblock, and Minton 1990), but

each of them introduced and adopted its own notation
without following any standard. In other words, existing
planning systems tailored for abstraction did not take
into account the possibility of introducing a common
notation.

To contrast the lack of a standard notation for supporting
abstraction hierarchies, in this paper a suitable extension
to PDDL 1.2 (McDermott et a. 1998) is proposed.

The remainder of this paper is organized as follows:
After briefly framing abstraction hierarchies according to
a theoretical perspective, the syntax of the proposed
extension is given. Then, a sample of an abstraction
hierarchy —described according to the proposed
notation— is illustrated and commented, with particular
emphasis on the mapping between abstraction levels.
Finally, conclusions are drawn and future work is
outlined.

The Proposed Extension to PDDL

According to (Giunchiglia and Walsh 1990), an

abstraction is a mapping between representations of a

problem. In symbols, an abstraction f: Z, 0 %, consists

of a pair of formal systems (Z, Z,) with languages A,

and A\, respectively, and an effective total function

fo . /\0 — /\1.

Extending the definition, an abstraction hierarchy

consists of alist of formal systems (%, Z,, ..., Z_,) with

languages A, A, ..., N\, , respectively, and a list of

effective total functions f, : A, - Ay, (K=0, 1, ..., n-2)

devised to perform the mapping between adjacent levels

of the hierarchy.

Assuming that standard PDDL is used to represent each

A, (k=0, 1, ..., n-1), in this paper we focus on the

problem of extending the standard for dealing with

abstraction hierarchies, with particular emphasis on the

mapping functions.

The syntactic notation of the proposed extension is given

according to the Extended BNF (EBNF), whose basics

are briefly recalled, to avoid ambiguities:

- each production rule has the form <syntactic element>
= expansion;

- angle brackets delimit names of syntactic elements;

- square brackets surround optional material;

- an asterisk means “zero or more of”;

- aplus means “one or more of”.

Furthermore, let us point out that —here— ordinary

parentheses are an essential part of the grammar we are

defining and do not belong to the EBNF meta language.



To represent an abstraction hierarchy a new syntactic
congtruct (hierarchy) has been defined, able to highlight
the domains involved in the definition and the mapping
between adjacent levels. Its syntax is:

<hi erarchy> ::=
(define (hierarchy <hierarchy nanme>)
<domai n- def >
<mappi ng- def >")
<donai n-def > :: = (:domai ns <domai n name>")
<mappi ng-def> :: =
(: mappi ng <mappi ng- pair>
[:types <types-def>]
[: predicates <predicates-def>]
[:actions <actions-def>])

<mappi ng-pair> ::=
(<source domai n> <destinati on domai n>)

<source domai n> = <nane>
<destinati on domai n> = <npane>
<types-def> ::= (<types-pair>")
<types-pair> ::=

(<destination type> <source type>)
<types-pair> ::= (nil <source type>)

<source type> = <nane>

<destination type> = <nanme>

<pr edi cat es-def > :: = (<predi cat es- pair>")

<predi cates-pair> :
<predi cates-pair> :

(<predicate> <PT>)
(nil <PT>)

<predicate> ::=
(<predi cate nane> <vari abl e>")

<vari abl e> ::= ?<nane>
<PT> ::= <typed- predicate>
<PT> ::= (and <PT>")

<PT> ::= (or <PT>")

<typed-predicate> ::=
(<predi cate name> <typed |ist>")

<typed list> ::=
<vari abl e>* - <type nanme>

<actions-def> ::= (<action-spec>")

<action-spec> :
<action-pair> | <action-def>

<action-pair> :
<action-pair> :

(<action> <AT>)
(nil <AT>)

<action> ::= (<action name> <vari abl e>")

<AT> ::= <action>
<AT> ::= (and <AT>")
<AT> ::= (or <AT>")

<action-def> ::=
see the PDDL 1.2 standard definition

Let us briefly comment the main definitions that occur
within the proposed extension to PDDL, focusing on the
underlying semantics.

Hierarchy Definition

As specified by the syntax, the “define hierarchy”
statement contains two subsections: <domai n- def >
and <mappi ng- def >.

The : domai ns field lists domains names according to
their abstraction level, from ground to the most abstract
one.

The <mappi ng- def > definitions specify the mapping
between adjacent levels. In genera, n levels of
abstraction require n-1 <mappi ng- def > definitions.
Therefore, a single-level hierarchy would result in
omitting the <mappi ng- def > definition (i.e., in this
case only the ground level exists).

It isworth noting that, although it would be desirable —
for the sake of clarity— to give :dommi ns and
: mappi ng definitions (including (types,
. predi cates, and :actions) according to the
ordering specified by the given grammar, nothing
prevents from following a different ordering.

M apping Definition

The :mapping field specifies, through the
<mappi ng- pai r > definition, the name of the source
and destination domains, respectively. Given a source
domain, the destination domain is unambiguously
determined by consulting the :donmains field.
Nevertheless, for the sake of readability, the destination
domain must be explicitly specified.

Types Definition. The : t ypes field specifies how the
type hierarchy is altered while trandating between
adjacent levels. Each <types-pair> is provided
according to the following syntax:

(<destination type> <source type>)

It specifies that <source type> becomes
<destinati on type> while performing “upward’
trandations. In particular, <source type> is
disregarded when the first argument of the <t ypes-
pai r > equastonil .

By default, if a type is not mentioned in any pair, it is
forwarded unaltered to the destination level.

If no :types field is provided, all constants and
variables are forwarded to the destination level, labelling
them with their <sour ce type>.

Predicates Definition. The : predi cates fied
declares how predicates are mapped between adjacent
levels. Each <pr edi cat es- pai r > expresses whether



a predicate * will be forwarded to the destination level.

Generally speaking, three cases may arise:

- a predicate is forwarded unchanged: the pair can be
omitted, being the default;

- a predicate is disregarded: the first argument becomes
nil;

- apredicate is alogical combination of some predicates
belonging to the source level: the second argument
expresses the logical formula.

Note that the destination predicate accepts a list of
untyped parameters, as —in this case— parameter types
can be deducted from the : t ypes mapping section. On
the other hand, the source predicate needs to know the
type of each parameter. This is required to avoid
ambiguities, since there might be predicates with
identical names, but different parameter types.

If the : predi cat es field is entirely omitted, then no

predicate-based abstraction occurs. In other words, each

predicate is forwarded without any change to the upper
level.

Actions Definition. The: act i ons field describes how
to build the set of operators for the destination domain.
Four different mappings may occur:

- an action remains unchanged or some of its parameters
are disregarded: the pair can be omitted by default;

- an action is removed: the first argument becomes ni | ;

- an action is a combination of actions belonging to the
source domain (“and” meaning serialization, “or”
meaning parallelization);

- a new operator is defined from scratch: the statement
<action-def > isused (note that this definition is not
expanded in the notation, since it follows the standard
PDDL 1.2).

An Example of the Proposed Extension

As an example, let us consider the depot domain, taken
from the AIPS 2002 planning competition (Long 2002).
The domain was devised by joining two well-known
planning domains: logistics and blocks-world. They have
been combined to form a domain in which trucks can
transport crates around, to be stacked onto pallets at their
destinations. The stacking is achieved using hoists, so
that the resulting stacking problem is very similar to a
blocks-world problem with hands. Trucks behave like
"tables', since the pallets on which crates are stacked are
limited.

Let us suppose we want to create a two-level abstraction
for the depot domain, composed by depot-ground and
depot-abstract.

According to the above notation, we can start defining
the hierarchy in the following way:

(define (hierarchy depot)
(: domai ns depot - ground depot - abstract)

Smce there are only two levels of abstraction, just one
: mappi ng statement is needed. To express the mapping
rules (on types, predicates, and operators) from the

1 Or a combination of predicates, obtained using logical and,
or, not operators.

ground to the abstract level, the following statement
must be introduced:

(: mappi ng
(depot - ground depot - abstract)

object
place locatable

depot distributor surface hoist  truck

/ N\

crate  pallet

Fig. 1 - Type Hierarchy for the depot ground domain.

Let us start with abstracting types of the depot domain
type hierarchy (as reported in Figure 1). We decided to
disregard hoists and trucks, and not to distinguish
between depots and distributors (i.e., considering both as
generic places).

According to the proposed notation, the translation can
be expressed in the following way:

:types
((pl ace depot)
(place distributor)
(nil hoist)
(nil truck))

The first two statements assert that both depot and
di stribut or become pl ace in the depot-abstract
domain. The last two statements assert that both hoi st
and t ruck must be disregarded. Let us recal that, by
default, the types not mentioned remain unchanged at the
abstract level (e.g. | ocat abl e, cr at e, pl ace, etc.).

The above notation entails the type hierarchy reported in
Figure 2.

object

place locatable

surface

N

crate pallet

Fig. 2 - Type Hierarchy for depot abstract domain.



(in ?c - crate ?t - truck)
(lifting ?h - hoist ?c - crate)
(avail abl e ?h - hoi st)

(clear ?s - surface)
(on ?c - crate ?s - surface)
(at ?I - locatable ?p - place)

Fig. 3 — Predicates of the depot domain.

The choice of removing some types implies that some
predicates might become meaningless at the abstract
level. In particular, predicates accepting parameters of
typet ruck or hoi st cannot exist at the abstract level.
Figure 3 lists the ground predicates of the depot domain.
Since thei n predicate accepts at r uck as a parameter,
it must be explicitly disregarded by the following
statement:

(nil (in ?2c — crate ?t — truck))

Similar considerations can be made for the | i fti ng
and avai | abl e predicates.

The predicates (cl ear ?s — surface) and (on
?c — crate ?s - surface) reman unchanged
and can be omitted in the : mappi ng field (being the
default).

(define (hierarchy depot)
(: domai ns depot - ground depot - abstract)
(: mappi ng (depot-ground depot-abstract)
itypes
((pl ace depot)
(place distributor)
(nil hoist)
(nil truck))
:predicates
((nil (lifting ?h — hoist ?c -
(nil (available ?h — hoist))
(nil (in ?2c — crate ?t — truck))
(nil (at ?h — hoist ?p - place))
(nil (at ?t — truck ?p - place)))
ractions
((nil (drive ?t ?pl ?p2))
(nil (load ?h ?c ?t ?p))
(nil (unload ?h ?c ?t ?p))
(nil (l1ift ?h ?2c ?s ?p))
(nil (drop ?h ?c ?s ?p))
((lift-and-drop ?c ?sl ?s2 ?pl ?p2)
(and (lift ?h ?c ?s1 ?pl)
(drop ?h ?c ?s2 ?p2))))))

crate))

Fig. 4 — Hierarchy definition for the depot domain.

Notethat (at ?I — locatable ?p — place) is
overloaded, in the sense that it actually represents
different predicates. Some examples of possible
expansions are:

(at ?I — hoist ?p — distributor)
(at ?I — truck ?p — depot)
(at ?I — crate ?p — depot)

All expansions that accept any parameter whose type has
been disregarded at the abstract level, must be explicitly
removed. In this case, the following statements must be
asserted:

(nil (at ?h — hoist ?p - place))
(nil (at ?t — truck ?p - place))

(define (domain el evator-ground)
(:requirenents :strips :typing)
(:types passenger floor - object)

(:predicates
(origin ?person - passenger ?floor -
(destin ?person - passenger ?floor -
(above ?floorl ?floor2 - floor)
(boarded ?person - passenger)
(served ?person - passenger)
(lift-at ?floor - floor))

floor)
floor)

(:action board
:paraneters (°?f
:precondition

(and (lift-at ?f) (origin ?p ?f))
ceffect (boarded ?p))

- floor ?p - passenger)

(:action depart
:paraneters (°?f
:precondition

(and (lift-at ?f) (destin ?p ?f)
(boarded ?p))
:effect (and (not (boarded ?p))(served ?p)))

- floor ?p - passenger)

(:action up
cparaneters (?f1?f2 -
:precondition

(and (lift-at ?f1) (above ?f1 ?f2))
ceffect
(and (lift-at ?f2) (not (lift-at ?f1))))

floor)

(:action down
:paraneters (?f1?f2 -
:precondition

(and (lift-at ?f1l) (above ?f2 ?f1))
ceffect
(and (lift-at ?f2) (not (lift-at ?f1)))))

floor)

Fig. 5—The elevator domain.

Let us point out that more complex mapping rules are
admissible. For example, two or more ground predicates
could be combined to form a new abstract predicate. Let
us consider the statement bel ow:

((roveabl e ?¢c ?h ?s ?p)

(and (lifting ?h — hoist ?c — crate)
(at ?h — hoist ?p — pl ace)
(clear ?s — surface)

(at ?s — surface ?p — place))

The new predicate noveabl e is introduced, which
applies only when the specified group of ground
predicates are true.

The mapping rules enforced on types and predicates may
modify preconditions and effects of some ground
operators. For example, consider thedr i ve action:

(:action drive
:paraneters
(?t - truck ?pl ?p2 - place)
:precondition
(and (at ?t ?pl))
reffect



(and (not (at ?t ?pl))(at ?t ?p2)))

Since the (at ?t — truck ?p - place)
predicate has not been forwarded to the abstract level,
the drive action could not require any such
precondition or effect. Therefore, drive becomes
meaningless at the abstract level, and must be removed
throughout the following statement:

((nil (drive 2?2t ?pl ?p2))

Similar considerations can be made for the | oad and

(define (hierarchy el evator)
(: domai ns el evat or - gr ound
el evat or - abstract)
(: mappi ng
(el evat or-ground el evat or - abstract)
:predicates
((nil (lift-at ?2f — floor))
(nil (above ?f1 ?f2 - floor)))
;actions
((nil (up ?f1 ?f2))
(nil (down ?f1 ?f2))
(nil (board ?f ?p))
(nil (depart ?f ?p))
((load ?f ?p) (board ?f ?p))
((unload ?f ?p) (depart ?f ?p)))))

Fig. 6 — Hierarchy definition for the elevator domain.

unl oad actions:

(nil (load ?h ?c ?t ?p))
(nil (unload ?h ?c ?t ?p))

At this point, one may want to join the remaining actions
lift and drop to form a new abstract operator (say
lift-and-drop). According to the proposed
extension, the new operator is defined as:

((lift-and-drop ?c ?sl ?s2 ?pl ?p2)
(and (lift ?h ?c ?s1 ?pl)
(drop ?h ?c ?s2 ?p2)))

Moreover, thel i ft and dr op actions can be ignored:

(nil (lift ?h ?c ?s ?p))
(nil (drop ?h ?c ?s ?p))

Alternatively, the new abstract operator |i ft - and-
dr op could beintroduced from scratch as follows:

(:action lift-and-drop
:paraneters
(?c - crate ?sl ?s2 — surface
?pl ?p2 - place)
:precondition
(and (at ?c ?pl) (on ?c ?s1)
(clear ?c) (at ?s2 ?p2)
(clear ?s2))
ceffect
(and (not (at ?c ?pl))
(at ?c ?p2)(clear 7?sl)
(not (clear 7?s2))

(on ?c ?s2)
(not (on ?c ?sl1))))

For the sake of completeness, the entire hierarchy
definition for the depot domain is summarized in
Figure 4.

In the above example, we started by abstracting the type
hierarchy. It is worth pointing out that this choice is not
mandatory; in fact abstraction could also be started by
specifying the mapping of predicates or actions.

To better illustrate an alternative approach, let us
consider another example applied to the elevator domain
(Koehler and Schuster 2000), whose ground definition is
reported in Figure 5.

The type hierarchy of elevator is very simple and
contains only two types. passenger and fl oor.
Thus, let us abstract the domain from predicates.

In particular, one may decide to disregard (above ?f 1
?f2 — floor) and(lift-at ?f — floor),so
that the lift is always available and moveable from a
floor to another. This choice has an influence on actions:
up and down become meaningless, whereas
preconditions and effects of board and depart
undergo some modifications on their abstract

(define (domain bl ocks-ground)
(:requirements :strips :typing)
(:types block - object)

(: predicates
(on ?x - block ?y - block)
(ontable ?x - bl ock)
(clear ?x - block)
(handenpty)
(hol ding ?x - block))

(:action pick-up

:paraneters (?x - bl ock)

:precondition

(and (clear ?x)(ontable ?x)
(handenpty))

ceffect

(and (not (ontable ?x))
(not (clear ?x))
(not (handenpty)) (hol ding ?x)))

(:action put-down
:paraneters (?x - bl ock)
s precondition (holding ?x)
ceffect
(and (not (holding ?x))(clear ?x)
(handenpty) (ontabl e ?x)))

(:action stack
cparaneters (?x - block ?y - bl ock)
:precondition
(and (holding ?x) (clear ?y))
ceffect
(and (not (holding ?x))
(not (clear ?y))(clear ?x)
(handenpty) (on ?x ?y)))

(:action unstack
cparaneters (?x - block ?y - bl ock)
:precondition
(and (on ?x ?y)(clear ?x)(handenpty))
ceffect
(and (hol ding ?x)(clear ?y)
(not (clear ?x))(not (handenpty))
(not (on ?x ?y)))))

Fig. 7 — The blocks-world domain.



(define (hierarchy bl ocks)
(: domai ns bl ocks- ground bl ocks-abstract)
(: mappi ng
(bl ocks-ground bl ocks-abstract)
:predicates
((nil (handenpty))
(nil (holding ?b - block)))
ractions
((nil (pick-up ?b))
(nil (put-down ?b))
(nil (stack ?bl ?b2))
(nil (unstack ?bl ?b2))
((pick-up&stack ?bl ?b2)
(and (pick-up ?bl)(stack ?bl ?b2)))
((unst ack&put - down ?bl ?b2)
(and (unstack ?bl ?b2)
(put-down ?bl1))))))

Fig. 8 — Hierarchy definition of the blocks-world domain.

counterparts (say | oad and unl oad, respectively).
Figure 6 shows the described hierarchy definition for the
elevator domain.

As an example of abstraction starting from actions, let us
consider the blocks-world domain, reported in Figure 7.
In this case the type hierarchy cannot be abstracted, as it
contains only the type bl ock. In this domain two macro-
operators can be identified: pi ck-up&stack and
unst ack&put - down. The decision of adopting these
operators entails a deterministic choice on which
predicates have to be forwarded / disregarded while
performing upward trandations. More explicitly
(handenpty) and (hol ding ?b — bl ock) must
be disregarded, meaning that the hand can be considered
aways available. Figure 8 shows the corresponding
hierarchical definition of the blocks-world domain,
according to the proposed notation.

Conclusions and Future Work

In this paper a novel extension to the standard PDDL 1.2
has been proposed, devised to support hierarchical
planning. The extension introduces the hierarchy
construct, which encapsulates an ordered set of domains,
together with a set of mappings between adjacent levels
of abstraction. Since mappings are given in term of
types, predicates, and operators, three subfields in the
<mapping-def> have been introduced, to represent the
abstraction over such dimensions. The extension
described in this paper should be considered as an initial
proposal, headed at promoting a discussion about how
the standard PDDL can be enriched with additional
constructs able to represent abstraction hierarchies.

As for the future work, the possibility of extending the
notation to encompass PDDL 2.1 (Fox and Long 2002)
is being investigated.
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Abstract

In this paper we present a classification scheme which cir-
cumscribes a large class of resources found in the real world.
Building on the work of others we also define key proper-
ties of resources that allow formal expression of the proposed
classification. Furthermore, operations that change the state
of a resource are formalized. Together, properties and oper-
ations go a long way in formalizing the representation and
reasoning aspects of resources for planning.

Introduction

Historically, allocation of tasks to resources has been con-
sidered part of the scheduling problem, and largely omit-
ted from the planning literature. In recent times, the
importance of such resource allocation decisions in plan-
ning has been recognized (Smith, Frank, @&dson 2000;
Long et al. 2000). Though progress has been made to meet
this challenge (Laborie 2001), the state of the art has not yet

advanced to a point where we have a comprehensive treat-

ment of resources as an inherent part of a planning frame-
work. More specifically, efforts to characterize the types of

resources of interest have been incomplete and largely con-

strained by the availability of efficient algorithms to reason
with them. Furthermore, approaches to natively incorporate

(:durative—action fly
:parameters (?p - plane ?t - traveller ?a ?b — location)
:duration (= ?duration (flight-time ?a ?b))
:condtion (and (at start (at ?p ?a))
(at start (at ?t ?a))
(over all (inflight ?p))
(over all (aboard ?t ?p))
(at start (>= (fuel-level ?p) (* (flight-time ?a
?b) (consumption-rate ?p)))))
-effect (and (at start (not (at ?p ?a)))
(at start (not (at ?t ?a)))
(at end (at ?p ?b))
(at end (at ?t ?b))
(at start (inflight ?p))
(at end (not (inflight ?p)))
(at end (not (aboard ?t ?p)))
(at end (decrease (fuel-level ?p) (* (flight-time ?a
?b) (consumption-rate ?p))))))

Figure 1: Example of an activity on a resource in PDDL 2.1

world. We use and build upon the large body of work both in
the planning and scheduling communities. We first develop,

resources into domain descriptions have been largely absent.through exploration of real world examples, a description

We believe that the absence of explicit types of resources
obfuscates the semantics of the model,
impedes detection of domain modeling errors,

complicates the mapping to efficient implementations that
could be tailored to particular resource types, and

hinders domain analysis.

For example, resources have not yet been incorporated ex-

plicitly in the PDDL 2.1 specification (Fox & Long 2003)

although they can be represented through the use of func-

tional expressions. This is illustrated in Figure 1 which de-

scribes an actiofly consuming a resourdael. In the action

definition, the fuel consumption is expressed as an effect de-

creasing the level duel. Fuel is not identified explicitly as

a resource. Furthermore, the inherent propertidsefand

the way in which it is allowed to change are not represented.
In this paper we present a classification scheme that will

circumscribe a large class of resource types found in the real

of resources from a planning perspective. We define a set
of properties that characterize a resource. We then present a
classification scheme based on these properties. We go on to
explain how this classification will identify transactions on
resources. We present examples throughout to illustrate the
terms introduced. Where possible, we follow the PDDL 2.1
syntax in the hope that it will be familiar to the reader. We
then review related work in PDDL and other languages, in
terms of their methods and limitations to address the needs
outlined. We conclude with a brief synopsis and discussion
of future work.

Classification
Classification by Example

The following examples are designed to illustrate the various

features of resources that are of interest to the modeler.
Consider the cargo bay of the space shuttle. Many items

of different sizes are placed in the bay and consume volume.



The space is used when an item is placed in it. It is made
available again when the item is removed. We can consider

sources and leK be the universe of transactiofs.Let
[t1,t2] = {x € T | t; < z < t2} be an interval of time.

the space as an example of a reusable resource. In contrastett equal to[t, t] by definition.

consider the fuel in a fuel tank. Once consumed it is de-
stroyed permanently. Fuel, in this case, is an example of a
consumable resource. If the fuel tank can be refueled then
it is an example of a replenishable resource. Process by-
products which are never used are examples of producible
resources.

The battery on a planetary rover is an example of a contin-
uous resource. Within the capacity of the battery any amount
of energy can be drawn at a time. In contrast disk space on
a hard drive is consumed in discrete chunks (bytes). This is
an example of a discrete resource.

A printer is an example of a single-capacity resource since

The following properties are defined for a resource.

1. Level: The amount of available resource. The level is de-

fined asC:R X T — [Lmin, Lmaz] WhereL in, Limaz €

R for continuous resources a,;,,, Lmaes € Z for dis-

crete resources. We assume that plans may have temporal
flexibility so the level is given by an interval.

2. Level Limit: The instantaneous physical limit of available

resource. The level limit is given by an upper and a lower
bound and is defined a3L:R x T — (LLmin, LLmaz)
whereLL in, LLmaz € R for continuous resources and
LLin, LLmas € Z for discrete resources.

it prints only one job at a time. On the other hand, a passen-3. Rate: The change in level per unit of time. Formally,

ger aircraft contains numerous seats representing a multi-
capacity resource.

A fuel container typically has a fixed volume, and there-
fore a fixed capacity. Alternatively, a battery whose capacity

degrades over time is an example of a variable capacity re- 4

source.
Seats on an airplane are also examples of a determinis-

tic resource because the state of the resource is known pre-

cisely. The energy of a battery is an example of a stochastic
resource because of the inherent uncertainty in the amount
of the resource available.

The fuel tank in a car is an example of an exclusive re-

RR X T — [Rmin, Rmaz) WhereR in, Rmaz € R for
continuous resources aff,i,, Rmaez € Z for discrete
resources. Because plans may have temporal flexibility,
the level is given by an interval.

. Rate Limit: The limit imposed on the rate. The rate
limit is given by a lower and an upper bound and is
defined asRL:R x T — (RLymin, RLmaz) Where
RLmin, RLmaz € R for continuous resources and
RL pins RLmaz € Z for discrete resources.

5. Transactions: The set of all transactions that may or must

occur by a given instant of time, defined ByR x T — X

source because refueling is not allowed while the engine is 6. Completed Transactions: The set of all transactions that

running. Data bandwidth is an example of a shared resource
because multiple activities can use the bandwidth simulta-
neously.

A cargo bay has specific restrictions for both weight and
volume. Loading a cargo bay consumes both weight and

must occur by a given instant of time, definedd: ) x
T —-X

7. Pending Transactions: The set of all transactions that may

overlap a given instanP7 R x T — X

volume at different rates. Weight and volume are two dis- 8. Transaction Count: The number of total transactions at an

tinct dimensions of the same resource so this is an example
of a multi-dimensional resource (Smith & Becker 1997).
Keeping these examples in mind, we proceed to define

instant of time, defined by C:Rx T — [7 Cinin, T Crnaz]
whereZ,.in, Tmaz € N. Because plans may have tempo-
ral flexibility, the transaction count is given by an interval.

properties that precisely categorize resources. 9. Transaction Limit: The limit imposed on the number of

Resource Properties

In this section we present a set of properties that can be used

to describe a quantitative resource i.e. a resource with ca-
pacity and availability described in terms of numeric quanti-

concurrent transactions. The transaction limit is defined
asTLR X T — (T Loin,s T Linaz) WhereZp,in, Toaz €

N. Because a resource may have upper and lower limits
on the transaction count, the transaction limit is given by
an interval.

ties. We assume all measures of quantity are represented 0. Horizon: The time interval over which the resource can

a generic unit rather than actual units of measure. We also

assume that all conversion operations are defined and occur

outside of the resource definitions and operations. Further-
more, we assume that all quantities are greater than zero.
We adopt the following notation for domain definitions.
Let R be to the domain of real numbers; Btbe the do-
main of natural numbers;let Z be the domain of whole
numbers; lefl be the domain of time. Notice that we ex-
plicitly defer commitment to whether time is represented
by natural numbers or real numbers, leaving the choice to
implementation. Furthermore, I8 be the universe of re-

\We assume thdf includes the number zero.

process transactions and answer queries. Fornidlly
[Hs, H.], whereH,, H, € T.

Variations of properties 1 through 9 can be defined to
capture consumption and production on the resource, e.g.
production rate, production level, consumption transaction
count, consumption level limit, consumer transactions. It
should be noted that the levels, rates, counts and transaction
sets are derived values based on the occurrence of transac-
tions on the resource. In contrast, limits are imposed di-
rectly to capture constraints on the state. It should also be

2Transactions will be described in more detail in the next sec-
tion.



noted that limits are not used in the definitions of the prop-
erties they intend to constrain. This is deliberate, since no
commitment is given regarding the enforcement policies of
constraints in these definitions.

In addition to the formal definitions provided for each
property, certain relationships can be observed among them
for any given instant of time.

1. The maximum transaction count is equal to the sum of the
maximum producing transaction count and the maximum
consuming transaction count.C,,q» = 7 Cprod,maz +
TC(:ons,maw

. Similarly, the minimum transaction count is equal to the
sum of the minimum producing transaction count and
the minimum consuming transaction courf.C,,;,, =
Tcprod,nm’n + chons,min

. The maximum rate of change of the resource is the differ-
ence between the maximum production rate and the mini-
mum ConSUmptlon ratézmaw = Rp’rod,max _Rcons,'min

. The minimum rate of change of the resource is the differ-
ence between the minimum production rate and the maxi-
mum consumption raték i, = Rprod,min — Reons,maz

. The set of completed transactions is a subset of the set of
all transactionsC7 C T

. The set of pending transactions is a subset of the set of all
transactionsP7 C 7

. No transaction can belong to both the pending transac-
tions and the completed transactio®I NC7T = ()

. A transaction is either a pending or a completed transac-
tion.CT UPT =T

. The maximum resource level at an instant of time is
a function of the quantities of the completed produc-
tion transactions, the completed consumption transac-
tions, and the quantities of some subset of the pending
transactions. The subset is chosen so as to maximize
the the overall resource levell,... = >, qpi(t) —

Yoiaci(t) + >0, qri(t),

where
qpi(t) 3 produce(r, gpi(t)) € Tproa NCT,
qei(t) Jconsune(r, qc;(t)) € Teons NCT,
qx;(t) 3 produce(r,qx;(t)) € Sor

Jconsune(r,qz;(t)) € S
whereS C PT is chosen so as to maximize the sum.

The maximum resource level at an instant of time is
a function of the quantities of the completed produc-

tion transactions, the completed consumption transac-
tions, and the quantities of some subset of the pending
transactions. The subset is chosen so as to minimize
the the overall resource levelZl,,;, = > . qpi(t) —

> qci(t) — X2 qzi(t),

10.

where
qp;(t) I produce(r,gp;(t)) € Tproa NCT,
qei(t) Jconsune(r, qc;(t)) € Teons NCT,
qx;(t) 3 produce(r, qz;(t)) € S or
Jconsune(r,gx;(t)) € S

(:resource fuel-in—a-tank
:level-limit [0 2000] ;all tanks in this domain

;can hold atmost 2000 units

;for all tanks in the domain

;atmost 100 units can be

;pumped in per unit time

:production-rate—limit [0 100]

:consumption-rate-limit [0 100]
:num-transactions—limit [0 4] ;atmost 4 transactions can be

;done on this resource.

)

(fuel-in—a-tank fueltankl
level-limit (

(over [0 6] [0 1000])

(over [6 18] [0 2000])

(over [18 24] [0 1000])

;represents a limit profile
;where upto 6 am and after
;6 pm the tank can hold 1000
;and between 6am-6pm hold

) :2000

:production-rate-limit [0 42.5]
:consumption-rate-limit [0 75.5]
:num-—transactions-limit [0 3]

:level 876.34 ;in the init state, this
;particular tank has 876 units
init.

:num-producers—limit [0 2] ;this tank has two inlet
;valves

:horizon [9 17] ;fuel can be drawn only during

;normal working hours.

)

Figure 2: Example in pseudo-PDDL describing some prop-
erties of a resource

whereS C PT is chosen so as to maximize the sum of
theqz;(t).

Lomaz @and L,,;, represent what is informally called the
“resource envelope”. Different algorithms (Laborie 2001;
Muscettola 2002) compute the envelope with varying de-
grees of accuracy. The degree of accuracy depends on how
carefully the sefS is chosen.

There are other distinctions that can be expressed in terms
of the properties described above. For example, persistence
and expiration dates can be described in terms of the hori-
zon. Similarly, scheduled unavailability can be described in
terms of limits on the number of transactions or the rates
of change. Other researchers (Powell, Shapiro, & Simao
2001) have mentioned concepts such as active and passive
and have characterized numbers of simultaneous producers
and consumers. These concepts can be expressed in terms
of the properties defined above.

Figure 2 presents an example illustrating the use of these
properties in specifying a resource. Restrictions included in
the definition of the resourdeel-in-tank restrict the proper-
ties of all instances of that resource. Restrictions in the def-
inition of the instancduel-tankl impose further restrictions
for that particular instance alone. Additionally, the level-
limit of fuel-tankl is expressed as a profile over time. In this
case, the profile is piecewise constant i.e. between the hours
of 6 am and 6 pm the maximum level-limit and the minimum
level-limit are constants (2000 and O respectively).



Resource Categories

The set of resource categories informally introduced earlier
provide a means to qualitatively describe the nature of a re-
source. The set of properties introduced earlier provide a
means to quantitatively describe the nature of a resource. In
this section we formalize the former in terms of the latter.

A resource can be categorized based on how it may be 5

produced or consumed.

1. Consumable: A consumable resource is a resource that is
decreased by some activities but is not produced by any
activities in the system. For example, a resource such
as ammunition may be depleted by firing a weapon. In
a mode where the plan of attack prohibits resupply then
additional ammunition may not be obtained. This means
that £ is monotonically non-increasing.

. Producible: A producible resource is a resource that is
created by some activities but is not consumed by any ac-
tivities in the system. A waste-product of an industrial
process may be an example of this. This means£hat
monotonically non-decreasing.

. Replenishable: A replenishable resource can be both pro-
duced and consumed as part of the same system. Any
ordering of production and consumption transactions are
allowed on the resource, e.g battery power which may be
produced if it is in the charger, as well as consumed, if the
device it powers is turned on.

. Reusable: A reusable resource is a replenishable resource
that is produced and consumed with the additional con-
straint that producing and consuming transactions must
happen in tandem. That is, for any interval of time, two
consecutive consumption or production transactions are
not allowed.

We can further describe resources as discrete or continu-
ous based on the quantities produced or consumed.

1. Discrete: The resource is consumed, produced, or used in
discrete quantities. For example, disk space is allocated
in chunks of bytes. A printer consumes single sheets of
paper from the paper bin. If a resource is discrete, the
levels, limits and rates are all discrete.

Continuous. The resource is consumed, produced, or used
in continuous quantities, e.g energy stored in a battery. If
a resource is continuous, the levels, limits, and rates are
all continuous.

Depending on the amount (divisibility or unit) we can dis-
tinguish between single and multiple capacity resources.

1. Sngle Capacity: The resource can be thought of as one
unit which must be consumed as a whole. This character-
istic implies a restriction on the level limit such that

ﬁﬁ—{o

1
. Multiple Capacity: The resource represents multiple units
which can be used or consumed by different operations.
This characteristic implies a restriction on the level limit
suchthatCL,,q. > 1andLL,in # LLmaz-

if it is being consumed
otherwise
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The variation of capacity over time allows us to distin-
guish between fixed and variable capacity resources.

1. Fixed capacity: The level limit of a resource is fixed over
time, e.g. a gas tank has a fixed capacity to store gasoline.
This characteristic imposes a constraint on the level limit
such that the level limit is constant with respect to time.

Variable capacity: The level limit of a resource is a func-
tion of time, e.g. a battery whose capacity degrades over
time. This characteristic agrees with our definition of
level limit.

The level of certainty with which one can determine the
capacity allows us to classify resources as deterministic or
stochastic.

1. Deterministic capacity: The capacity is precisely deter-
mined. This characteristic agrees with our definition of
level limit.

2. Sochastic capacity: The capacity is determined proba-
bilistically. This characteristic is only mentioned for com-
pleteness since we provide no formal treatment of this

characteristic in this paper.

If simultaneous transactions are allowed to operate on re-
sources then the resource is shared as opposed to exclusive.

1. Shared: Using the resource at less than full capacity al-
lows others to use the resource simultaneously, e.g. a bat-
tery on a rover typically provides energy simultaneously
to a number of devices. This characteristic imposes a con-
straint on the transaction limit such thatz,,,,,, > 1 for
all time instants.

2. Exclusive: Only one activity is allowed to access the re-

source at a time, regardless of the amount of resource
used, e.g. a restaurant table that seats 10 but only 6
people are seated at the table. Even though it seats 10,
the remaining 4 seats are made unavailable. This char-
acteristic imposes a constraint on transactions such that

7L = (0,1) for all time instants.

There are two additional characteristics noted in (Smith &
Becker 1997) that are also important: single-dimensional vs.
multi-dimensional, and pooled vs. not pooled. A resource is
multi-dimensional if it has more than one aspect to its quan-
tity and each aspect must be updated together but at different
rates. A cargo bay with constraints on weight and volume is
an example of a multi-dimensional resource. Ebgu ac-
tivity would simultaneously consume both weight and vol-
ume in different quantities. A resource may be aggregated
into a resource pool. This allows the domain model to ab-
stract out details of individual resources while preserving
the individual nature of each resource for final allocation.
We have not had the time to further explore these concepts.
For the purpose of this paper we consider all resources to be
single-dimensional and omit treatment of resource pools.

Figure 3 gives an example of three resources which have
been defined in terms of the categories described above.
Qualitative categories impose restrictions on quantitative
properties. Note that as before, properties may be addition-
ally restricted.



;A camera that can be used to take a picture at a time
(:resource camera
:categories (exclusive

fixed

single—capacity

discrete

deterministic

reusable))

;Earth communication window with a fixed bandwith
(:resource Earth—Communication
:categories (shared
fixed
multi-capacity
continuous
deterministic
reusable)
:horizon ((540 550) (1020 1030) )

;Solid state data storage disk on which data can be written and erased
;after downloading.
(:resource data-storage—-disk
:categories (exclusive

fixed

multi-capacity

discrete

deterministic

replenishable))

Figure 3: Examples in pseudo-PDDL describing resources

based on their categories

Operations on Resources
Resource categories provide a means to qualitatively de-

for discrete resources. The precise semantics afubstity
function, however, is implementation specific and we define
it externally. Computing with these functions has to be well-
defined, so we require that ajliantity functions be commu-
tative and convolvable. It is also likely we could enforce
additional restrictions given the particulars of a resource de-
scription and more explicit insight into the semantics of a
guantity function. At this time, no scheme has been devel-
oped to formalize the semantics of these functions to allow
such checks for correctness by analysis of the model.

We define the following transactions.

1. Consume: Consumption can occur either at an instant of
time or over an interval of time.

e at t consune(r, q) If a consume transaction and no
other transactions are operating on a resource at the
specified time, the transaction has the effect of reduc-
ing the level by the specified quantity at that instant
of time. This transaction also increases the transaction
count and consumer transaction count by one.

e over [ts, t.] consune(r,q(t)) If a consume transac-
tion and no other transactions are operating on a re-
source over the specified time interval, the transaction
has the effect of reducing the level by the quantity eval-
uated at each instant of time in the interval. This trans-
action also increases the transaction count and con-
sumer transaction count by one forall< ¢ < ¢..

A consumetransaction is only allowed on resources which
arereplenishable or consumable.

2. Produce:
e at t produce(r,q) If a produce transaction and no

scribe the nature of a resource. Resource properties, on the ~ Other transactions are operating on a resource at the

other hand, provide a means to quantitatively describe both
its nature and its current state. Given this model, the oper-
ations to effect state change (transactions) can be formally
defined. Throughout, we take the view that all operations on

specified time, the transaction has the effect of reduc-
ing the level by the specified quantity at that instant

of time. This transaction also increases the transaction
count and producer transaction count by one.

resources should be context free, i.e. we make no assump- e over [ts,t.] produce(r, ¢(t)) If a produce transac-

tions about the activity context that is causing the transac-
tion.

Resource Transactions

Resource transactions are caused by actions in a plan to
change the state of a resource. Transactions on resources

have fixed semantics that are fully defined based on each

tion and no other transactions are operating on a re-
source over the specified time interval, the transaction
has the effect of reducing the level by the quantity eval-
uated at each instant of time in the interval. This trans-
action also increases the transaction count and producer
transaction count by one for all <t < t..

A produce transaction is only allowed on resources which

transaction type. We assume that transactions can always be arereplenishable or producible.

applied and that if no other transactions occur in the period
(instant or interval) of time over which they’re applied, the
effect is always observed.

The termquantity is used in transaction specifications to
indicate the amount of the given resource to be transacted.
In the general case, quantity may vary over time. In this
case, quantity is a function of time returning a number, an
element ofR for continuous resources or an elemenfNof

3If there is any concurrency of transactions it is not always pos-

sible to say that if a production of 5 units occurs, the level := level
+5.
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3. Use: A use operation is defined in terms of consume and
produce transactions such that a consume transaction oc-
curs at the start of the use operation and a produce transac-
tion occurs at its end. The quantity consumed is equal to
the quantity produced. This operation increases the total
number of transactions by twaver [tg,t.] use(r,q)
which evaluates to
at ts consume(r,q) and
at t. produce(r,q).

A use transaction is only allowed oreusable resources
and is allowed to use only a fixed quantity.



Queriesand Constraintson resources identified in this paper.

More recently, a number of planners have been devel-
oped which exploit resource constraints and resource state
to control search (Do & Kambhampati 2002; Koehler 1998;
Haslum & Geffner 2001; Kvarnstrom & Magnusson 2002).
Our work draws from these efforts in developing com-
monly used terms, transactions, queries and constraints on
resources.

Deficiencies in PDDL 2.1 (Fox & Long 2003) with
respect to dealing with resources have been documented
(Kvarnstrom & Magnusson 2002; Frank, Golden, & Jons-
son 2003). For example, treatment of resources implicitly
through numeric variables excludes access to aspects of re-
sources that could be useful as operator preconditions, con-
straints or control rules. Furthermore, the necessity to refer-
ence resources as preconditions and effects in this form im-
poses an artificial serialization of activities. We further be-
lieve that the absence of explicit type support for resources
makes models more difficult to comprehend due to the nat-
ural semantics of resources being implicit. It also makes it
more error-prone since one cannot check compatibility of
operations on the resource, e.g. producing a consumable re-
source. Furthermore, it makes it more difficult to map to
efficient implementations that could be tailored to particular
resource types.

Figure 4 is a representation of the example in figure 1 us-
ing our richer representation. A key feature is the representa-
tion of the continuous consumption of fuel over an interval

Related Work of time in the effect of the actiofly. The semantic of the
Our work is focused on the development of a scheme for consume statement is to evaluate the consumption rate (an
classifying and reasoning with resources in planning and external function that is time dependent) at various instants
we confine ourselves to a discussion of work related to this of time (determined by the planner implementation) to de-
effort. For a broader examination of the issues of incor- termine the quantity to be consumed. This quantity is then
porating resources into planning systems see (Letng. used in the consume operation of the resource to suitably
2000). For a discussion of algorithmic issues more perti- change its level.
nent to implementation see (Laborie 2001; Muscettola 2002; )
Srivastava 2000; Zhou & Smith 2002). Conclusion

Our work shares some common ground with other efforts In this paper we have presented a classification scheme
to formalize representations and reasoning with resources which circumscribes a large class of resources found in the
(Smith & Becker 1997; Yang & Geunes 2001). We differ real world. Building on the work of others we have also de-
primarily in our extension to cover epistemological issues, fined key properties of resources that allow formal expres-
and also in the details of the classfication. sion of the proposed classification. Furthermore, operations

IXTeT (Laborie & Ghallab 1995), ILOG (Laborie 2001)  which alter, query and constrain resource state have been
and O-Plan2 (Tate, Drabble, & Kirby 1994) provide exam- presented. Together this work forms a classification and se-
ples of planning frameworks that have incorporated complex mantic description that goes a long way in formalizing the
resource handling capabilities. The scope of their represen- representation and reasoning aspects of resources for plan-
tation is, not surprisingly, constrained by the functionality ning.
available in their systems. They each have similar expressive  Due to the limits of time, a number of outstanding issues
power to handle resources that can be variations of the cross-have been deferred. For example, no formal treatment is
product of{single-capacity, multi-capacifyand{reusable, given to resource pools i.e. the ability to aggregate distinct
consumable, replenishableThey do not separate the con- heterogeneous resources into a pool which can be treated as
cepts of shareability and capacity, nor do they support the a single resource and still allow allocation of transactions
notion of requiring a resource without diminishing its level. to individual members. Nor have the semantics for multi-
No support is provided for resource pools, though approx- dimensional resources been formalized, e.g. simultaneous
imations are proposed which provide aggregation by creat- treatment of the weight and volume aspects of a cargo bay.
ing a new resource of aggregated capacity, e.g. a pool of It may be worthwhile to consider explicitly modeling these
10 people becomes a resource of capacity 10. Though they composite semantics and provide operations that reflect this.
do provide explicit type support for resources, the type struc-  The properties of resources clearly support expression of
tures defined do not account for the variety of characteristics temporally scoped limits. This seems adequate to represent

Once aresource is defined in terms of its properties, planners
can access state of the resource during planning by querying
these properties at any instant of time. It is possible to gain
access to how a resource changes over time through complex
gueries that perform arithmetic calculations of the properties
over time. The information provided by these queries is very
useful in guiding a planner in its search to find a resource
compliant plan. Specifically, queries about excess level of
resource and the number of transactions provide a planner
with the means to look ahead in the planning process and
backtrack if necessary. For example, the planner can attempt
to balance the consumption of the resource by prefering time
intervals where there is the excess capacity is large.

The limit properties of a resource already constrain the
operations that can be performed on a resource. For ex-
ample, the level-limits constrain the total amount of pro-
duction and consumption, while the transaction count limits
constrain the number of activities producing or consuming a
resource. More significantly, using the ability to build com-
plex queries over properties, additional constraints can be
incorporated into the action definitions (in conditions and
effects). Since the properties are defined over time, it is
also possible to define constraints that hold only over spe-
cific time periods. Complex and dynamic domains can be
more naturally expressed through these constraints.
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(:resource fueltank—-in—a-airplane
:properties (exclusive fixed multi-capacity continuous deterministic
consumable)

)

(:durative-action fly
:parameters (?p — plane ?t — traveller ?a ?b — location)
:duration (= ?duration (flight-time ?a ?b))
:condtion (and (at start (at ?p ?a))
(at start (at ?t ?a))

(at start (>= (level (fuel-tank ?p) (* (flight-time ?a
?b) (max—-consumption-rate ?p))))))
:effect (and (at start (not (at ?p ?a)))

(at start (not (at ?t ?a)))

(at end (at ?p ?b))

(at end (at ?t ?b))

(over [start end] (inflight ?p))

(at end (not (inflight ?p)))

(at end (not (aboard ?t ?p)))

(over [start end] (consume (fuel-tank ?p)
(consumption-rate ?p)))))

(:objects fueltankl planel cityl city2)

(:init(plane planel)

(airport cityl)

(airport city2)

(fueltank—in—a—airplane fueltankl
‘level-limit [0 2134.5]
level 872.7
:consumption—rate-limit [0 10.6])

(= (fuel-tank planel) fueltankl))

(:extern (#t (consumption-rate ?p)))

Figure 4. Examples in pseudo-PDDL describing resources
and their use in an action

important patterns such as shift rotations or recurring com-
munication windows. However, no methods have been de-
fined to concisely impose cyclic or recurring patterns of con-
straints on resource properties. This will be investigated in
the context of integration of resources into a formal model-
ing language.

A key issue for reasoning with resources is balancing the
costs of checking resource constraints with the benefits that
may be obtained to inform search. In scheduling, the set
of activities is fixed. In planning, new activities are intro-
duced throughout the process. Consequently, the challenge
of deriving useful information from resource propagation
is much greater in planning than in scheduling. This is-
sue is highlighted by reported degradations of planner per-
formance (Srivastava & Kambhampati 1999) as more re-
sources are added to the problem, which is counter-intuitive.
Approaches to address this have studied deferment of re-
source reasoning until all activities have been selected (Sri-
vastava 2000), which effectively recasts resource reasoning

as a scheduling problem addressed after the planning phase.

An important extension of the work described in this pa-
per is to explore techniques which exploit the rich semantics
of the proposed representation. More sophisticated queries
may be utilized to inform search. More powerful constraints
may be specified to make stronger inferences despite the fact
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that all activities have not been selected. More refined, ex-
plicit characterizations of resources and transactions may al-
low specialization of resource handling algorithms based on
model descriptions.

Throughout this paper it has been assumed that all re-
sources are deterministic. It is an open question how the
formalism described in this paper could or should be ex-
tended to reflect uncertainty. Furthermore, it is assumed
that the semantics of external functions describing transac-
tion quantities are defined outside of the model. Although
some progress has been made in dealing with this issue, i.e.
by requiring such functions to be convolvable and commu-
tative as a prerequisite for admissibility, it is preferable to
describe and enforce the semantics of such functions explic-
itly and unambiguously. It seems plausible that one could
require registration of external functions with formal sig-
natures. One could further introduce specified type mech-
anisms to characterize different classes of functions. The
means to achieve this more generally is an open question.

With a view to practical application, and in support of
further experimentation, we plan to incorporate the formal-
ism proposed, together with any extensions we may develop,
into formal modeling languages for domain, problem and
heuristic descriptions. We also plan to integrate the proposed
formalism to a planning framework such as that described in
(Frank & JBnsson 2003). This effort is likely to raise many
interesting issues and trade-offs in terms of modeling fidelity
and computational complexity. Furthermore, domain analy-
sis techniques shall be investigated to aid model specifica-
tion and allow domain-independent specialization of imple-
mentations. This work would require mapping data structure
and algorithm choices to particular classes of resources.
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Abstract

The last decade has witnessed a dramatic progress in the va-
riety and performance of techniques and tools for classical
planning. The existence of a de-facto standard modeling lan-
guage for classical planning, PDDL, has played a relevant
role in this process. PDDL has fostered information sharing
and data exchange in the planning community, and has made
international classical planning competitions possible.

At the sametime, in thelast few years, non-classical planning
has gained considerabl e attention, dueto its capability to cap-
ture relevant features of real-life domains which the classical
framework failsto express. However, no significant effort has
been made to achieve a standard mean for expressing non-
classical problems, making it difficult for the planning com-
munity to compare non-classical approaches and systems.
This paper provides a contribution in this direction. We ex-
tend PDDL in order to express three very relevant features
outside classical planning: uncertainty in the initial state,
nondeterministic actions, and partial observability. NPDDL's
extensions are designed to retain backward compatibility with
PDDL, and with an emphasis on compactness of the repre-
sentation. Moreover, we define a powerful, user-friendly plan
language to go together with NPDDL. The language allows
expressing program-like plans with branching and iterations
structures, as it is necessary to solve planning problems in
the presence of initial state uncertainty, nondeterminism and
partial observability. We are testing NPDDL s ability to cope
with avariety of problems, asthey are handled by a state-of-
the-art planner, MBP.

I ntroduction

Planning is an extremely active field of research. Because
of its potential in terms of real-life applications, awide vari-
ety of approaches have been developed, and several pow-
erful automated planning systems have been designed to
cope with complex problems. The existence of PDDL,
a de-facto standard language for planning has been cru-
cia for fostering the reuse of models, establishing a com-
mon repository of problems, and comparing and integrat-
ing systems, as it is evident from the results of the in-
ternational competitions (McDermott 2000; Bacchus 2000;
Fox & Long 2002).

PDDL is however limited to “classical” planning prob-
lems, and it is unable is to capture many relevant features
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that are important for modeling real world domains. In par-
ticular:

e theinitial situation may be only partially specified;

e it is often unrealistic to assume that actions have a fully
predictable outcome;

e the status of the domain may be only partially observable
by the plan executor, and sensing might convey unreliable
results. Ingeneral, in most casesit isunrealistic to assume
the omniscience of the plan executor;

e problems of interest may often go beyond planning to
reach a condition; in general, it is highly desirable to ex-
press properties about the whole execution of a plan, to
state e.g. safety or maintenance requirements;

e sequences of actionsare not sufficient to express solutions
for problems and domains with the aforementioned fea-
tures. More complex structures, e.g. loops and condi-
tions, are required.

The growth of scientific interest for expressive planning,
taking into account nondeterminism, partial observability
and complex temporal goals, is evident. A number of
publications and events (e.g.(C. Boutilier & Koenig 2002;
Cimatti et al. 2001a)) have taken place, and increasingly
many powerful planning systems are designed to deal with
(combinations of) the features above, using a variety of
approaches (Bonet & Geffner 2000a; Weld, Anderson, &
Smith 1998; Smith & Weld 1998; Bertoli et al. 2001;
Castellini, Giunchiglia, & Tacchella 2001; Kabanza 1999;
Doherty & Kvarnstrom 2001; Rintanen 1999). However, no
significant effort has been made to provide a standard mean
for expressing nondeterministic, partially observable plan-
ning domains.

This paper presents the NPDDL language, a first contri-
bution in the direction of a genera PDDL-like language for
planning with incomplete information. We first describe an
extension to the current standard PDDL2.1 (Fox & Long
2001; Ghallab et al. 1998) to allow for description of nonde-
terministic, partially observable planning domains. Further-
more, we add a rich, user-friendly plan language that cap-
tures the iterative, branching plan structures needed to plan
for domainsinvolving the af orementioned features. The lan-
guage we describeistheinput to MBP (Bertoli et al. 2001),
a state-of-the art planner integrating plan synthesis, valida-



tion and simulation within the planning via symbolic model
checking framework. The input language to MBP a so pro-
vides a means to express a rich class of temporal require-
ments; this shows the potential for further extension of the
standard.

The paper is structured as follows. We first present a con-
ceptual reference model for planning with incomplete infor-
mation. We then introduce the NPDDL syntax, and show
how it alows for the description of the features of interest.
We present some results, compare NPDDL with the related
work, and discuss some open issues. A BNF characteri-
zation of NPDDL isavailableathttp: //sra.itc.it/
t ool s/ mbp/ npddl . ps.

The Framewor k

Asareference example, we consider asimple domain featur-
ing uncertainty in theinitial condition, nondeterminism and
partial observability, and model a planning problem for it.
The domain consists of aline of rooms that can be traversed
by arobot. A printer is situated at one end of the line, and
it may print a paper everytime its exit tray is empty. Each
printed paper has a banner, where the destination room is
reported. The banner can be read by the robot. The robot
can pick up a paper at the printer, and can leave it at an of-
fice. The robot can only check the printer tray’s status when
at the printer's place. To identify its position, the robot is
equipped with a sensor that detects whether the printer isin
the same room. For this domain, we consider the problem
of having the robot correctly deliver all the papers queued at
the printer - the length and content of the queue being un-
known, and the robot being initially positioned anywhere.
A solution plan must consider the available sensing, and re-
quires an iterative conditional structure whose execution is
possibly infinite.

We rely on a simple, general framework to provide a se-
mantic foundation to our work; thisis depicted in fig.1. In
our view, a domain is a (possibly nondeterministic) finite
state machine, whose state evolves according to the actions
received asinput, and to the previous state. The domain con-
veys information to the plan by means of observations. We
think of a plan as adeterministic finite state machine, which
determines the actions to be performed according to the ob-
servations from the domain, and to its state. The execution
of a plan in the domain can be thought of as an iteration
where (i) an observation is given asinput to the plan, (ii) the
status of the plan evolves and the next action is determined,
(iii) the action affects the domain status and the possible ob-
servations. A formal characterization of the framework is
provided in (Bertoli et al. 2002b). In the following it is
sufficient to limit the discussion to the underlying intuitions.

With this approach, it is possible to encompass incom-
pletely specified initial conditions, and nondeterministic ac-
tion effects. Incompletely specified initial conditions are
represented by specifying a set of possible initial states of
the domain. In our example, the initial states cover every
possible position of the robot, and every possible content of
the printer queue.

Action effects are characterized by associating actions
with transitions from state to state. Nondeterministic ac-
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Figure 1: Planning Framework

tion effects are obtained by associating an action with sev-
era transitions from the same initial state to different result
states. The domain is therefore characterized as a relation,
rather than as a partial function as in the deterministic case.
In our example, the effect of picking a paper may result in
several states, where the printer queue may be either empty,
or may have on top papers with different banners.

Our modeling of observations maps states of the domain,
which may not be directly observable, into observation vari-
ables, the value of which can be directly inspected at run
time by the executor. Our approach, that is somewhat sim-
ilar to (Goldman & Boddy 1996; Bonet & Geffner 2000b;
Nourbakhsh & Genesereth 1996), also allows us to cap-
ture noisy/unreliable and partial sensing, where informa-
tion is available only under specific conditions. This is
achieved by relating values to observation variables not as
a function of the domain state, but as relations. In this
way, when an observation variable conveys no information,
it can assume any value in its range, nondeterministically.
As a special case, an observation O may be undefined over
a domain state, by making every value of O possible on
S. Within this framework, different forms of sensing can
be modeled. With “automatic sensing” (Tovey & Koenig
2000), information can always be acquired, as usual in em-
bedded controllers, where a signal from the environment
is sampled and acquired at a fixed rate, latched and inter-
nally available. Observations resulting from the execution of
“sensing actions’ (Cassandra, Kaelbling, & Littman 1994,
Weld, Anderson, & Smith 1998; Pryor & Collins 1996;
Bonet & Geffner 2000a) can be modeled by representing
in the domain state the last executed action, and exploiting
the possibility for describing undefinedness. In our exam-
ple, the domain features three observations. one, in case the
robot is at the printer's place, indicates whether the tray is
full or not, and provides no information otherwise; another
signals whether the robot is at the printer’s place or not; the
last signals to the robot the current banner of the carried pa-
per. These are easily modeled exploiting the possibility of
unreliable/noisy sensing.



The idea of plans as finite state machines makes it possi-
ble to express complex courses of actions. In particular, we
take into account the possibility of branching (which is able
to exploit the information acquired at run-time in order to
tackle the nondeterminism of the domain) iteration (which
enables to express possibly cyclic, trial-and-error courses of
actions). Such more expressive plans are required to solve
problems under partial observability and with nondetermin-
ism.

The NPDDL Language

NPDDL is alanguage that extends PDDL to encompass the
intuitions outlined in previous section. NPDDL provides a
set of independent extensions to describe incompletely spec-
ified initial conditions, nondeterministic action effects, and
partial observability.

NPDDL starts from the standard PDDL 2.1. In particu-
lar, it starts from the level 2 of PDDL 2.1, thus inheriting a
compact and clearly defined set of constructs to handle nu-
meric and conditional effects, and first-order quantification,
aswell as STRIPS effects on predicates. The aspects related
to the higher levels (level 3 to level 5) of PDDL2.1, such as
durative actions, are not taken into account with this version
of NPDDL.

In the following, we assume that we are referring to a
specific ground planning domain, where F is the finite set
of fluents. The instantiation of operators and predicates to
the objects in the domain in NPDDL follows the very same
schema as in PDDL. Our discussion is based on possibly
non-boolean fluents; each f; € F is associated with afinite
range of values. An assignment, denoted in the following
by a,a1,as,..., isan expression that maps a fluent f; on
avalue v; of the associated range. (In the following, with-
out loss of generality, we do not explicitly treat predicates,
that can be seen as fluents with values over the binary range
bool ean.) NPDDL alows for n-ary constructs whenever
PDDL does. However, we restrict our discussion to their bi-
nary version, leaving the trivial generalization to the reader.

Incompletely Specified Initial Conditions

PDDL alows for the specification of completely character-
ized initial condition, i.e. of asingle initial state. Thisis
described with the : i nit statement, containing a set of
conjunctive assignmentsi = {41, ..., 4, }. Each conjunctive
assignment is a (possibly nested) conjunction of fluent as-
signments. The initial state specification 7 isin fact an im-
plicit conjunction of fluent assignments; the top-level con-
junction is left implicit. Fluents in F that are not explic-
itly assigned are treated according to the Closed-World As-
sumption (CWA) and given a value (by convention, we as-
sume the first value in the range is given). More formally,
let ASSIGNED(7) be the set of fluents assigned by i. Let
F C F be aset of fluents, and Cwa(F') the CWA-implied
assignment to the set of fluents F', then the initial state is
identified by

INITIAL(2) =i A CWA(F \ ASSIGNED(%))

The set of assigned fluentsis computed as follows:
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1. AssIGNED(“(assign f v)") = {f}

2. AssIGNED(“(and i; i2)”) = ASSIGNED(i1) U
ASSIGNED(i2)

In NPDDL an incompletely specified initial condition is
characterized by describing the set of possible initial states.
To alow for multiple initial states, NPDDL introduces a
oneof construct (oneof 45 ...4,), meaning that exactly
one of the specifications described by i, is active. Thus a
statement of the form (oneof 4, ...i,) is associated to a
set of partial assignments. The corresponding set of initia
states is simply obtained by applying CWA to each of those
partial assignments. The oneof construct can be com-
bined arbitrarily with PDDL constructs, in order to allow
for an independent description of uncertainty over distinct
sets of domain fluents. Assuch, ageneric PDDL initial state
specification 7 is associated to a set of partia assignments
ASSSET(7). Thisis defined as follows, considering the se-
mantics of oneof , and that of and (which distributes upon
the set of possible assignments):

e AssSET(“(assign f v)")={(assign f v)}
e ASSSET(“(and 4y i2)") =J{(and b; bo) } where
b; € AssSET(i;), for j € {1,2}
e ASSSET(“(oneof 4 ... i,)")=
U1gjgn ASSSET(7;)

Theinitial states are then built by complementing each par-
tial assignment with the CWA, asfollows:

INITIALS(7) = {INITIAL(4;)|i; € ASSSET()}

Notice that, if the initial condition is completely speci-
fied, NPDDL maps back to PDDL: ASSSET(:i) = {i} and
INITIALS(Z) = {INITIAL(4)}.

NPDDL also containsthe unknown construct, to express
the set of all possible assignmentsto ageneric fluent f. This
construct enables usto avoid explicitly listing every possible
value of f. “(unknown f)” is equivalent to specifying a
oneof statement on any possible value of the type of f:

(unknown f) =
(oneof (assign f v1)...(assign f v,))

where {vy,...,v,} isthefiniterange of f.

Example Initially, the status of the queue is unspecified,
and the robot may be in any room. This can be easily ex-
pressed in NPDDL by a conjunction of unknown state-
ments.
(:init

(unknown (robot_roon))

(unknown (paper_at_printer))

(not (papers_around))

(not (arm_busy)))

In the appendix, we provide a full NPDDL modeling for
the reference domain and problem.

Nondeter ministic Action Effects
Action effectsin PDDL

In PDDL, actions are deterministic: the execution of an ac-
tion in a domain state S result in a single outcome S'. The



way S isdetermined depends on the interaction of PDDL’s
effect features. conditional effects, quantifiers and inertia
handling. In order to describe actions in NPDDL, we first
reduce the general structure of PDDL to a simple normal
form. First, universal quantifications can be eliminated by
replacement with n-ary conjunctions. Then, we observe that
nested conditional effects can be eliminated by rewriting. In
Appendix, we show that it is enough to consider top-level
conditional effects whose branches are mutually exclusive.
When executing an action A featuring such a set of top-level
conditional effects, exactly one of the conditions holds, trig-
gering the associated condition-free effect E. E's outcome
consistsin the (possibly partial) assignment described by E,
complemented by assigning “inertially” those fluents not as-
signed by E:

OUTCOME(E) = E A INERTIA(F \ ASSIGNED(E))

where INERTIA(E) assigns each fluent in E its current
value. Notice the similarity with the way the initial state
is computed.

Action Effectsin NPDDL

NPDDL alows for nondeterministic actions, whose ex-
ecution on a domain state S may have several possible
outcomes. NPDDL uses the oneof construct in action
effects for this purpose; intuitively, in an action effect,
(oneof e; ... e,) indicates that exactly one of the e;
effects will take place, and, as such, it is associated to a
set of partial assignments (those resulting from e;). Since
NPDDL allows for a general combination of oneof state-
ments with PDDL’s constructs, a generic condition-free
NPDDL effect e isassociated to a set of partial assignments.
Thisis computed by ASSSET(E).

The set of possible outcomes of a nondeterministic effect
E simply results from the set of (possibly partial) assign-
ments ASSSET(FE):

OUTCOMES(E) = {OUTCOME(e;)|e; € ASSSET(E)}

Notice that, if the effect is fully deterministic,
ASSSET(E) = {FE}, implying OUTCOMES(E) =
{OuTCOME(E)}, i.e. NPDDL maps back to PDDL.

Example Uncertain action effects are in that, when pick-
ing a paper, it may be the last or not, and on the infor-
mation reported by the banner. This is modeled in the
pi ck_paper operator

(:action pick_paper
:precondition (and (paper_at_printer)
(not (arm_busy))
(= (robot_room 0))
ceffect (and
(ar m_ busy)
(unknown (paper_banner))
(unknown (paper_at_printer))))

It is possible to use the unknown construct in action ef-
fects in order to express the assignment of a fluent to any
value. As for the initial condition, this avoids the explicit
listing of assignment for each possible fluent value. The
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unknown construct in action effectsis handled similarly to
the case of initial states: “( unknown f) " isequivaent to

(oneof (assign f vy)...(assign f v,))

where {vy,...,v,} isthefiniterange of f.

Compactness of therepresentation NPDDL is designed
to compactly model domains where actions could possibly
have high branching rates, and problems with a possibly
large number of initial states. To this end, it is very im-
portant that oneof constructs can be arbitrarily nested and
combined with other operators, in order to compactly spec-
ify problems with high degrees of uncertainty. A solution
whereoneof constructsare allowed only at top level would
result in very clumsy specifications, since it would force
considering every combination of the effects of nondeter-
minism/initial uncertainty over each fluent. Thisisalso clear
in the reference example, where independent facets of initial
uncertainty (robot position and print queue) would otherwise
result in alengthy state enumeration.

The characterization provided in this section is by no
means intended to suggest a practical way to deal with
NPDDL, eg. to build a parser and a domain constructor.
One of the challengesin planning with nondeterministic do-
mains is to be able to internally represent domains with-
out having to enumerate their initial states and the possi-
ble action outcomes. Symbolic techniques (Rintanen 2002;
Bertoli et al. 2001; Castellini, Giunchiglia, & Tacchella
2001) appear to have significant leverage in this respect.

Partial Observability in NPDDL

In order to allow for partial observability, NPDDL intro-
duces a notion of “observation”. Similar to (Bonet &
Geffner 2000b; Nourbakhsh & Genesereth 1996), and in ac-
cord to the framework, in order to model unreliable sens-
ing, observations are defined as arbitrary relations from the
domain state to finitely valued observation variables, to be
intended as the “sensors” available to the plan executor.

In the concrete syntax of NPDDL, this is achieved by
a parametric : obser vati on construct. An observation
variable V' is characterized by aboolean formulaover vV and
the domain fluents. The intuition is that the formula defines
the relation between the value of the observation variable,
and the values of the (possibly unobservable) domain flu-
ents. The formulais arbitrary, with the only (semantic) con-
straint that every domain state must correspond to at least
onevalue of V. For the sake of simplicity, adomain fluent f
can bedeclared : obser vabl e. Thisamountsto introduc-
ing a new observation, the value of which faithfully reports
thevaluesof f.

Example The sensing described in the example can be
modeled asfollows. Noticetheway NPDDL allows describ-
ingapaper _i n_pri nt er sensor which doesnot provide
information (is undefined) unless the robot is appropriately
placed at the printer.

(: observabl e (paper_banner) - room nunber)

(: observation (robot_at_printer) - :boolean



(iff (robot_at_printer) (= (robot_room 0)))

(: observation (paper_in_printer) - :bool ean
(and
(inply (paper_in_printer)
(or (> (robot_room 0)
(paper_at _printer)))
(inply (not (paper_in_printer))
(or (> (robot_room 0)
(not (paper_at_printer))))))

Problemsin NPDDL

When dealing with nondeterminism and partial observabil-
ity, a plan may admit a set of different executions, possi-
bly resulting in different final states. This makes it neces-
sary to specify whether every execution is required to be
successful or not, and whether the possibility of having in-
finite executions is accepted. These natural requirements
are captured by specifying that plans have to be “weak”,
“strong”, “strong cyclic’ (: weakgoal ,: st ronggoal ,
: strongcycl i cgoal resp). Intuitively, aplanis“weak”
if it admits at least one successful finite execution; it is
“strong” if every admissible execution is finite and success-
ful; it is “strong cyclic” if every (possibly infinite) execu-
tion always admits a possibility of succeeding finitely. See
(Cimatti et al. 2001b) for formal definitions.

Moreover, several problems, e.g. classical planning prob-
lems or conformant planning problems, define implicit as-
sumptions about the observability of the domain. To support
users in naturally specifying these, NPDDL introduces an
optional : obser vabi | ity keyword. This alows users
to specify that a plan must be synthesized under e.g. full ob-
servability assumptions, regardless of the observations spec-
ified in the domain. Default observahility is assumed to be
: ful |, toretain backward compatibility with PDDL.

Example A possible expression of desired goal consistsin
the following:
(:observability :partial)
(:strongcyclicgoal
(and
(not (arm_busy))
(not (papers_around))
(not (paper_at_printer))))

Plansin NPDDL
In classical planning, a plan is simply a set of partialy or-
dered actions. Nondeterminism entails the necessity for it-
erative structures; partial observability requirestheintroduc-
tion of branching in the plan language. NPDDL supports a
high-level plan language. A plan may have local, interna
variables, different from the ones of the domain, containing
information to encode, for instance, the progress of the plan.
We call such variables “plan variables’; plan variables are
in afinite number, and feature finite ranges. The basic steps
of the language, differently from what happens in a simple
programming language, must take into account the issue of
execution, with the delivery of actions to the domain actua-
tors. The basic construct isevol ve, with syntax
(evol ve <assi gnment >t <action-cal | >)

that specifiesaset of assignmentsto plan variables, followed
by an action. Unless assigned, plan variables retain their
previousvalue. Theact i on construct, with syntax
(action <action-call>)
isavariation on evol ve that does not alter the plan state.
The done construct indicates that the plan has to be in-
tended as terminated; no specification is given upon which
actions are produced by a plan after (done) isexecuted.
The plan language also provides a number of imperative-
style constructs:

e Sequencing Commands. (sequence <conmand>T)
corresponds to sequentially executing al the commands
in the specified order.

e Branching  Commands. (if <condition>
<pl an_t hen> <pl an_el se>), with its usua
semantic.

o lterative  Commands. (whil e <condition>
<plan) and (repeat <plan>). The while
semantics is standard; repeat causes an endless
looping execution.

e Labeling and Jumping Commands. Labeling may refer
to acommand or to a given point inside a command; this
is reflected by two aternative syntaxes, namely (| abel
<name> <conmand>) and (| abel <nane>). The
(got o <nane>) construct has the usual semantics.

Example Consider the following course of actions, solv-
ing the example problem. “Loop forever, acting as follows:
first the robot re-positions at the printer’sroom, then, if some
paper is there, it picks it up, and delivers it to the proper
room; if no paper isthere, the plan terminates” Thisisrepre-
sented by thefollowing plan. Once picked apaper, to deliver
it to the proper room, the robot traverses x rooms, where x
isthe paper banner content. Unless the printing queueisini-
tially empty, the reference problem may require an infinitely
executing plan, e.g. one like the following.

(define (plan deliver_paper)
(: domai n paper_delivery)
probl em conti nuous_del i very)
pl anvars known_room - room number)
init (= (known_room 1))
body
(repeat
(sequence
(while (not (robot_at_printer))
(action (rmove_left)))
(if (not (paper_in_printer))
(done)
(sequence
(evol ve
(assign (known_room 0)
(action (pick_paper)))

(:
(:
(:
(:

(while (< (known_roon) (paper_banner))

(evol ve
(assign (known_room
(+ (known_room 1))
(action (go_right))))
(action (leave_paper))))))))
A plan can be converted into a Finite-State Machine. The
conversion procedure, that results in a definition of the tran-



sition relation of the FSM, is the following:

e Sequencing, branching and iterative constructs are re-
moved by introducing label/jump pairs, and splitting the
plan into aset of l1abeled plans whose bodies only includes
got o and basic commands.

e got 0 occurrences are eliminated by inlining the bodies
of the labeled plan they refer to.

e Theset of labeled plansistrandated into an equivalent fi-
nite state machine, whose state space is augmented with a
variable ranging over the set of all used labels; this addi-
tional variable servesto model a*“plan program counter”
to appropriately sequentialize the executions of labeled
plans.

Related Work and Discussion

Several works present PDDL-like languages to deal with
some aspects related to nondeterminism (Bonet & Geffner
2000a; Kabanza 1999; Smith & Weld 1998; Weld, An-
derson, & Smith 1998). The language of GPT (Bonet &
Geffner 2000a) adopts a PDDL-like syntax, extended with
a quantitative model with probabilities and rewards. Such
issues were purposefully avoided in NPDDL, where a qual-
itative model is assumed. If we compare the language of
GPT and NPDDL disregarding quantitative issues, however,
NPDDL exhibits an improved flexibility in expressing non-
determinism. In particular, the GPT language does not allow
for a general description of nondeterminism in the form of
nested/conjoined nondeterministic assignments. The result
raises an issue of compactness in the domain/problem de-
scriptions, as an explicit enumeration of all of the possible
initial states (or action outcomes) isin order. Our clean treat-
ment of nondeterminism, on the other hand, opens up the
possibility of extending NPDDL with quantitative aspects.
In fact, the characterization in terms of sets of assignments
presented in this paper seemsto be amenableto astraightfor-
ward extension, that results in a quantitative model without
suffering from the problems related to the explicit enumer-
ation of initial states and transitions. The extension is the
object of an ongoing investigation. As far as observability
is concerned, the GPT language is based on “knowledge-
gathering actions’, making it difficult to express automatic
sensing, where observations can be automatically gathered
at each “cycle’. Although NPDDL focuses on automatic
sensing, action-dependent sensing can be easily encoded by
suitably defining observed values as undetermined unless a
given action is formerly executed.

The PDDL-like languages used in CGP (Smith & Weld
1998) and SGP (Weld, Anderson, & Smith 1998) allow the
description of incompletely specified initial conditions, but
are limited to deterministic actions. Sensing in SGP is re-
stricted to knowledge-acquisition actions, and the underly-
ing model isvery limited.

SimPlan (Kabanza 1999) is able to dea with initial un-
certainty and nondeterminism, but does not admit partial ob-
servability. The ADL/STRIPS interface of SimPlan alows
for avery limited forms of nondeterminism, resulting from
the combinations of controllable actions with environment
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actions. A more accurate handling of nondeterminism is
only possible using SimPlan’s custom interface language to
specify a domain transition relation, but the specification of
complex domains turns out to be very cumbersome. NADL
(Jensen & Veloso 2000) is a language that allows for ex-
pressing qualitative models of nondeterministic domains in
a multiagent setting. Exogenous actions are supported, as
well as a limited form of concurrency for actions that in-
volves a notion of resource constraint.

Both SimPlan and NADL try to address the fact that of-
ten a nondeterministic domain is naturally described as the
composition of a (possibly deterministic) plant with some
form of nondeterminism due, for instance, to uncontrollable
agents in the domain. For instance, the reference example
could be extended with the notion of doors between rooms,
that are being opened/closed e.g. possibly by non control-
lable agents (this example is remarkably similar to the kid
doorsin (Kabanza, Barbeau, & St-Denis 1997)). The prob-
lem with this kind of dynamics is in the fact that it is not
naturally described in the style of PDDL, where operators
describe the possible tasks of the agent the activity of which
is being planned for. Every action should have this environ-
ment dynamics in its effects, e.g. doors being nondetermin-
istically open or closed. Infact, even if ado- not hi ng ac-
tion is performed, the effect of doors possibly being open or
closed by other agents should be taken into account. Similar
examples arises when a system has a certain dynamics (e.g.
atimer being set in a certain situation and expiring after N
time units). In a PDDL-style characterization, each action
should have the effect of decrementing the timer value, and
possibly making the “expired” predicate becometrue. A de-
sign choice underlying NPDDL was to retain the operator-
based description of actions. Although we believe that the
current expressive power is enough to characterize many in-
teresting domains, whether the modeling is naturalthisisan
open issue. A principled analysisisin order for the exten-
sion of NPDDL to deal with thisimportant issue.

Somewhat less related are high level action languages
such as AR (Giunchiglia, Kartha, & Lifschitz 1997) and
C (Giunchiglia& Lifschitz 1998), that deal with the problem
of providing expressive languages for domain description in
presence of nondeterminism. AR deals with ramification
congtraints, can represent different forms of nondetermin-
ism, and its semantics is defined in terms of a minimization
procedure to solve the frame and the ramification problem.
C isan action language based on causal explanation, allow-
ing for nondeterminism and concurrency. In both cases, the
underlying semantics and the representation style are very
far from PDDL's, and observability issues are not taken into
account.

Finally, (Petrick & Bacchus 2002) discusses a different
approach to nondeterminism, based on encoding actions at
the knowledge level, and exploiting “knowledge databases’
to trigger knowledge-level derivations. Knowledge-level
reasoning is not explicitly addressed by NPDDL, although
for several domaing/problems suitable knowledge-level ab-
stractions are possible within standard PDDL.



Results

NPDDL istheinput language of the MBP planner. MBPin-
tegrates plan synthesis, plan validation and plan simulation;
MBP handles plans in the format described in this paper.
MBP applies some restrictions to the language; in partic-
ular, observations are currently to boolean variables and
have afixed structure; the nunber typeis not allowed, and
union types are not implemented. Several NPDDL exam-
ples have been designed, e.g. the “maze” benchmark for
partial observability (Bertoli, Cimatti, & Roveri 2001), and
domains taken from the Power Supply Restoration (Bertoli
et al. 2002a). Moreover, MBP supports two extended
goa languages for expressing maintenance goals, safety
goals, liveness goals. Most of these classes identify con-
straints over the plan execution, e.g. a certain property must
hold throughout the whole execution, or it must never hold
throughout the execution, and so on. As such, they can be
captured by a temporal logic that deals with nondetermin-
ism, such as CTL (Emerson 1990). More recently, the ne-
cessity of expressing intentionality in the goals to achieve
high-quality plans has been highlighted ((Pistore, Bettin, &
Traverso 2001)). MBP allowsfor CTL and for EaGLe ((Dal
Lago, Pistore, & Traverso 2002)), an extended temporal lan-
guage to express intentionality into goals.

Example We consider a variation of the original goal,
adding the requirement that, everytime a robot has a paper
and is in the right room to deliver it, it should leave it with
no delay. This can be modeled asa CTL goal:
(:ctlgoal
(and
(ag
(inply (= (robot_paper_x) (robot_x))
(not (next (arm.busy)))))
(aw
(and
(not (papers_around))
(ef (not (paper_at_printer))))
(not (paper_at_printer)))))

Conclusions

In this paper we have presented NPDDL, an exten-
sion to PDDL for planning in nondeterministic domains.
NPDDL retains all the features of PDDL, and allows for
a compact characterization of incompletely specified initial
conditions and nondeterministic action effects. NPDDL pro-
vides a clear solution to the issues related to the interac-
tion between closed world assumption and initial condition,
and nondeterministic action effects and law of inertia. The
model for observations underlying NPDDL allows to char-
acterize and combine action-dependent and automatic sens-
ing. In addition, NPDDL allows to model complex plan
structures and temporally extended goals. NPDDL isimple-
mented in M BP, has been used to model complex real-world
problems, and will hopefully prove to be an adequate start-
ing point for astandard extension to PDDL. In this sense, we
are studying ways to improve its flexibility, e.g. by suitably
extending the PDDL : r equi renent s to allow certain
features (e.g. support for temporal goals) without forcibly
requiring them.
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PDDL Conditional effectsrewriting

In the following we outline a procedure for rewriting a
generic effect (with nested conditional effects) into an ef-
fect featuring only non-nested conditional effects. The pro-
cedure is based on a set of rewrite rules, and introduces, in
the intermediate steps, a SW TCH construct that generalizes
the when dealing with a set of mutually exclusive CASEs.
The result of the procedure is a PDDL term, where the in-
termediate SW TCH and CASE have been eliminated. Rule
1 is used as the first rewriting step to translate whens into
binary SW TCHes. Rules 2, 3 are used to bring switches to
top-level, eliminating nesting within other switches or into
PDDL constructs. Finaly, rule 4 is used to transform the
top-level switch into a set of whens, making use of the fact
that the switch features mutually exclusive conditions cov-
ering all CASEs.
Rule 1: when elimination

(when <condition> <effect>)
becomes

(SWTCH
(CASE <condi tion> <effect>)
(CASE (not <condition>) true))

Rule?2

(and
(SW TCH
(CASE <condi tioni> <effecti>)

(CASE <condi tion; > <effecty >))
(SW TCH
(CASE <condi tioni> <effect?>)

tCASE <condi tionj > <effect} >)))

becomes
( SW TCH
( CASE
(and <conditioni> ... <condition}>)
(and <effecti> ... <effect}>))
( CASE
(and <condition> ... <conditionk>)
(and <effecty> ... <effecti>)))

Rule3

(SWTCH
(CASE <condi tion'> <effect'>)

(CASE <condition* !> <effect™'>)
( CASE <condi tion*>
( SW TCH
(CASE <i nnercondition'> <innereffect?!>)

(CASE <i nnercondition™ <innereffect™)))
(CASE <condition*t'> <effect t!>)

tCASE <condi tion®> <effect®>))
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becomes

( SW TCH
(CASE <condi tion'> <effect!>)

(CASE <condition'~'> <effect™'>)
(CASE (and <condition®> <innercondition'>)
<i nneref f ect '>)

(CASE (and <condition*> <innercondition™)
<i nnereffect™)
(CASE <condition*t'> <effecti™>)

kCASE <condi tion™ <effect®>))

Rule 4: when introduction

( SW TCH
(CASE <condi tion'> <effect'>)

kCASE <condi ti on™> <effect™))

becomes

(and
(when <condi tion'> <effect'>)

k{Ahen <condi tion™ <effect™))

NPDDL Conditional Effects Rewriting

Thefollowing ruleisused, in conjunctionto rules2 and 3, to
bring switches to top-level, in the case of nondeterminism.

(oneof
(SWTCH
(CASE <conditioni> <effecti>)
(CASE <condi tion; > <effect; >))
( SW TCH
(CASE <conditioni> <effect?>)
.('CASE <condi tiony > <effecty >)))
becomes
(SWTCH
( CASE
(and <conditioni> ... <condition}>)
(oneof <effecti> ... <effect}>))
( CASE
(and <condition.> ... <condition}>)
(oneof <effect;> ... <effectl>)))



The Complete NPDDL M odel
(define (domai n paper_delivery)
(:types room nunber)
(:predicates
(ar m_busy)
(paper s_ar ound)
(paper_at _printer))
(:functions
(robot _room - room nunber
(paper _banner) - room nunber)

(:action nove_| eft
:precondition (not (= (robot_roon) 0))
ceffect (assign (robot_roon) (- (robot_room 1)))

(:action nmove_right
:precondition (not (= (robot_room (sup room nunber)))
ceffect (assign (robot_room (+ (robot_roon) 1)))

(:action pick_paper
:precondition (and (paper_at_printer)
(not (arm_busy))
(= (robot_room 0))
ceffect (and
(ar m_ busy)
(unknown (paper_banner))
(unknown (paper_at_printer))))

(:action | eave_paper
:precondition (arm_busy)
.effect (and
(not (arm_busy))
(when (not (= (robot_roon) (paper_banner)))
(papers_around)))))

(: observabl e (paper_banner) - room nunber)

(: observation (robot_at_printer) - :bool ean
(iff (robot_at_printer) (= (robot_room 0)))

(: observation (paper_in_printer) - :bool ean
(and
(inply (paper_in_printer)
(or (> (robot_room 0)
(paper_at _printer)))
(inmply (not (paper_in_printer))
(or (> (robot_room 0)
(not (paper_at_printer))))))

(define (problem continuous_delivery)
(:domai n paper_delivery)
(:typedef room nunber - (range 0 50))
(:init

(unknown (robot_roon))

(unknown (paper_at_printer))

(not (papers_around))

(not (arm.busy)))
(:observability :partial)
(:strongcyclicgoa

(and

(not (arm busy))
(not (papers_around))
(not (paper_at_printer)))))
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Abstract

Despite major progress in Al planning over the last few
years, many interesting domains remain challenging for cur-
rent planners. Topological abstraction can reduce planning
complexity in several domains, decomposing a problem into
a two-level hierarchy. This paper presents LAP, a planning
model based on topological abstraction. In formalizing LAP
as a generic planning framework, the support of a planning
language more expressive than PDDL can be very important.
We discuss how an extended version of PDDL can be part
of our planning framework, by providing support for hierar-
chical planning and topological abstraction. We demonstrate
our ideas in Sokoban and path-finding, two domains where
topological abstraction is useful.

Introduction

Al planning has recently achieved significant progress in
both theoretical and practical aspects. The last few years
have seen mgjor advances in the performance of planning
systems, in part stimulated by the planning competitions
held as part of the AIPS series of conferences (McDermott
2000; Bacchus 2001; Fox & Long 2002). However, many
hard domains till remain a great challenge for the current
capabilities of planning systems.

Abstraction is a natura approach to simplify planning in
complex problems. For instance, humans often create ab-
stract plansthat they try to follow during their search. Inthis
paper we present topological abstraction, atechnique for re-
ducing planning complexity in hard domains. Based on this
abstraction model, we al so discuss extending the PDDL lan-
guage so that it supports hierarchical planning and abstrac-
tion. In exploring how PDDL can be extended, the mean-
ing of “abstraction” can be more general than our topologi-
cal approach. Topological abstraction is only one of a gen-
era class of hierarchical relationships that PDDL may not
be able to express well.

Our abstraction approach reformulates the state represen-
tation, grouping related low-level featuresin local clusters.
The clustering aims to catch local relationships inside clus-
ters and keep cluster interactions as low as possible. In ef-
fect, the initial problem is decomposed into a two-level hi-
erarchy of sub-problems, each being much simpler than the
initial one. At the local level, each cluster has associated
alocal problem that solves the local constraints. There is
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also a global planning problem where clusters are treated
as black-boxes and local state features are hidden away. The
reason why we call thistopological abstraction isthat anim-
portant class of applications of which the approach is suit-
able have aspatia structure such asagrid. In such adomain,
we group atomic grid squares into abstract clusters such as
roomsin abuilding.

M otivation

Many interesting domains are hard to deal with when no ab-
straction is present. Examples of such domains are Sokoban
and path-finding. In these domains, a hierarchical problem
decomposition based on topological clustering can lead to
significantly better performance. Our preliminary work us-
ing these domains as a testbed has already shown an impres-
sive potential of the topological abstraction.

Sokoban is a puzzle with many similarities to a robotics
application. In this domain, a man in a maze has to push
stones from their initial positions to designated destinations
called goal squares (see Section 3 for a detailed descrip-
tion of therules). Both the Al planning and the single-agent
search communities agree that this is a hard domain. The
game is difficult for a computer for several reasons includ-
ing deadlocks (positions from which no goa state can be
reached), the large branching factor (can be over 100 —if we
consider as moves all the stone pushes in the man reachable
area), and long optimal solutions (can be over 600 moves).
Another problemisthat al known lower-bound heuristic es-
timators for the solution length are either of low quality, or
expensive to compute.

Humans, who solve Sokoban puzzles much easier than
state-of-the-art Al applications, abstract the maze into rooms
and tunnels and use this high-level representation to create
abstract plans. Following the humans' example, an Al appli-
cation can cluster atomic squares into more abstract features
such as rooms connected by tunnels, reducing the complex-
ity of the hard initial problem. In effect, a large number of
atomic squaresis replaced by afew abstract, more meaning-
ful features such as rooms and tunnels.

In the domain of path-finding, an agent on a map has to
find a (shortest) path from its current position to a destina-
tion position. The map topology can have many forms, such
as a battlefield, the interior of a building, etc. The problem
isimportant in commercial computer games, robot planning,



military applications, etc. The efficiency of the path-finding
algorithmsis often crucial, asthey have to produce solutions
in real-time and use limited resources. The classical solv-
ing strategy represents the maze as a grid of atomic cells
and uses a search algorithm such as A* on that graph. An
action is to move to an adjacent cell that is not part of an
obstacle. The representation of states in the search space
greatly influences the efficiency of the search. A fine gran-
ularity of the map leads to a large search space, requiring
serious time (and possibly space) resources. A much more
efficient problem representation is to abstract the map into
connected clusters such as rooms, large obstacle-free aress,
bridges, etc. Asin Sokoban, the abstract map representation
isasmall graph of connected clusters, with a much reduced
search space.

To the best of our knowledge, in some commercial games
the search space is abstracted by human experts, who de-
fine the abstract clusters by hand. Our contribution is an
automated abstraction method, especially useful when hu-
man expertise is expensive or not available. For instance, a
bomb can destroy a bridge, changing the landscape dynam-
ically and invalidating the previous abstract representation.
Also, the user of agame may be allowed to define new map
configurations, which have to be abstracted from scratch.

In standard planning domains such as L ogistics, topolog-
ical abstraction of the real world is part of the domain defi-
nition. In Logistics, several packages have to be transported
from their initial location to various destinations. A Logis
tics problem has a map of cities connected by airline routes.
Transportation inside cities can be done by truck (there is
one truck in each city). Cities are abstracted, being treated
asblack boxes. Inside acity, atruck can go from any point to
any destination at no cost. However, in therea world, trans-
portation within acity is a subproblem that can involve con-
siderable costs. In this context, removing human expertise
and automatically obtaining abstracted models of the real
world is an important research problem.

The Planning L anguage Support

Topological abstraction isappropriate for several application
domains. Our goal isto build a general planning framework
wheretopol ogical abstraction isautomatically performed for
different planning domains. In such a framework, the ro-
bustness of the planning language used to describe the do-
main and problem instances is very important. Many parts
of our abstraction framework could more easily be expressed
when using a more general planning language. The lan-
guage support for hierarchical planning in genera should
deal with representing the abstraction levels, and modeling
relationships and communication across the levels. The lan-
guage support for abstraction should cover several issues,
such as problem reformulation, automatic abstraction, adap-
tive abstraction, and a hybrid problem representation. Inthis
paper, hybrid representation refers to using both low-level
features (for the part of the problem representation space
not abstracted yet) and abstract features (for the already ab-
stracted part of the space) to represent aproblem state. In our
framework, problem reformulation means to replace a low-
level domain and problem representation by an equivalent
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abstract representation, which is easier to solve. We want to
represent the abstracted problem explicitly, as an indepen-
dent planning problem written in alanguage such as PDDL.
This allows solving the abstract problem with no interaction
with the initial low-level formulation. Another advantage
of representing abstraction as part of the PDDL formulation
is that, at one moment, we can use a hybrid state represen-
tation, using both low-level and abstract features for state
description. When planning is done repeatedly in a fixed
environment, an adaptive abstraction, which is performed
as the system learns more about the environment, is also
valuable. For instance, in a path-finding problem the map
isinitially represented at the low-level. An adaptive abstrac-
tion agorithm builds the clusters gradually, as the planning
agent discovers more and more parts of the map. Before
the abstraction is completed, the planning is done using a
state representation composed of both atomic sguares (for
the unexplored parts of the map) and abstract clusters (for
the explored parts of the map).

Adaptive abstraction can naturally be related to planning
with uncertainty. We can consider that the part of the prob-
lem not abstracted yet is in a sense unknown to the plan-
ner. Using abstraction this way also required the domain
description (or, more generally, the planning and plan exe-
cution framework) to handle uncertainty. PDDL currently
doesn’t do this, and topological abstraction can’'t handle this
without atreatment of uncertainty. Evenif thisisan interest-
ing topic, in this paper we don’t focus on how an extended
PDDL can be used to better handle uncertainty. We keep
our discussion limited to hierarchical planning and abstrac-
tion issues.

The rest of the paper is structured as follows: In the next
section we review the related work. In the third section
we highlight our abstraction framework and briefly describe
how we applied it to Sokoban and path-finding. We point
out some features that can easier be addressed using a more
robust planning language. In the fourth section we discuss
extending PDDL to support hierarchical planning and topo-
logical abstraction. The last section presents our conclusion.

Related Wor k

Abstraction isafrequently used technique to reduce problem
complexity in Al planning. Automatically abstracting plan-
ning domains has been explored by Knoblock (Knoblock
1994). His approach builds a hierarchy of abstractions by
dropping literals from the problem definition at the previ-
ous abstraction level. Bacchus and Yang define a theoreti-
cal probabilistic framework to analyze the search complex-
ity in hierarchical models (Bacchus & Yang 1994). They
also use some concepts of that model to improve Knoblock’s
abstraction algorithm. In this work, the abstraction consists
of problem relaxation. In our approach, abstraction means
to reformulate a problem into an equivalent hierarchical rep-
resentation. The abstract problem is solved independently
from the initial problem formulation.

Long et al. use generic types and active preconditions
to reformulate and abstract planning problems (Long, Fox,
& Hamdi 2002). As a result of the reformulation, sub-
problems of the initial problem are identified and solved by



using specialized solvers. Our approach has similaritieswith
thiswork. Both formalismstry to cope with domain-specific
features at the loca level, keeping the globa problem as
generic as possible. The difference is that we reformulate
problems as a result of topological abstraction, whereas in
the cited work reformulation is obtained by identifying var-
ious generic types of behavior and objects such as mobile
objects.

Using topological abstraction to speed-up planning in
a reinforcement learning framework has been proposed in
(Precup, Sutton, & Singh 1997). In this work, the authors
define macro actions as offset-casual policies. In such apol-
icy, the probability of an atomic action depends not only on
the current state, but also on the previous states and atomic
actions of the policy. Learning macro actionsin agrid robot
planning domain induces a topological abstraction of the
problem space.

Previous experiments showed that planning in a low-
level Sokoban formulation was too hard for state-of-the-art
generic planners (McDermott 1997; Junghanns & Schaef-
fer 1999). Culberson performed a theoretical analysis of
Sokoban, showing that this domain is PSPACE-complete
(Culberson 1997). The state-of-the-art Sokoban solvers
are Junghanns' Rolling Stone (Junghanns 1999; Junghanns
& Schaeffer 2001) and deep green, developed inside the
Japanese Sokoban community (Junghanns 1999). These ap-
plications can find solutions for two thirds of the standard
90-problem test suite *.

L ocal Abstraction in Planning

In this section we present an overview of our abstraction
model, called LAP (Local Abstraction in Planning). We
also show how the model can be applied to domains such as
Sokoban and path-finding. We use the model and these do-
mains as a basis to motivate the need for a PDDL extension
supporting hierarchical planning and abstraction. Thus, im-
plementation details and analysis of experimental results are
not our focus here. We rather consider issues such as hier-
archica planning, automatic clustering, adaptive clustering,
and hybrid state representation.

The Model Overview

LAP is a planning model based on a topologica abstrac-
tion of the state representation. A clustering of the problem
representation space is used to group related low-level fea-
tures. The goal of the clustering processisto group together
related atomic pieces and keep cluster interactions low. The
abstraction allows usto decompose theinitial probleminto a
hierarchy of sub-problems in a divide-and-conquer manner.
For each cluster we define alocal problem, which solvesthe
local constraints of that cluster. The global problem uses an
abstract problem description, where global states are charac-
terized by states of abstract features. Each featureisacluster
that represents several atomic elements of the space.

At the global level, our abstraction approach leads to a
much more compact state representation. For instance, a

The test suite is available a htt p://xsokoban. | cs.
m t. edu/ xsokoban. htm .

27

room in a robot planning domain is an abstract feature en-
coding many low-level objects such as atomic-size squares.
Since one cluster is a complex feature representing several
atomic features, cluster states can have many possible val-
ues. It is therefore natural to represent the global abstract
states as tuples of cluster values. Using this representation,
our abstraction model can be defined as a specia case of
the Simplified Action Structures (SAS) model (Backstrom
& Klein 1991; Backstrom & Nebel 1995). In a SAS model,
the global state space is a cross product of sub-spaces de-
scribing states of the problem features. Actions have as-
sociated three types of feature sets: precondition sets, ef-
fect sets, and prevail sets. The precondition set identifies
the features used to check the action preconditions, the ef-
fect set contains the features whose states are changed by
the considered action, and the prevail set contains the fea-
tures whose values are preserved after the action has been
applied. Below we point out the properties that differentiate
our model from other existing SAS structures. First, in the
LAP formalism, an abstract action changes either one state
component or two components, leaving the rest of the tuple
unchanged. In other words, the planning agent is only al-
lowed to do local processing inside a cluster or perform an
action affecting two clusters. Second, a transition between
two clusters is possible only if the two clusters are neigh-
bors. Third, when checking the preconditions of an operator,
the only preconditions that matter are the values of the com-
ponents that are changed by the action effect. For instance,
in the Sokoban domain, when transferring a stone between
two adjacent rooms A and B, the local stone configuration
of other rooms is not relevant.

Attheglobal level, we use abstract planning actions called
macro-actions. Checking the preconditions of a macro-
action uses cluster states rather than states of atomic fea-
tures. The effects of a macro-action also change cluster
states. The model does not guarantee the solution optimal-
ity. If for each action of an optimal abstract solution we
compute an optimal sequence of atomic moves, the result-
ing low-level solution is not guaranteed to be optimal.

LAP in Sokoban

Sokoban is a single player game created in Japan in the
early 1980s. Figure 1 shows an example of a Sokoban prob-
lem. The puzzle consists of a maze which has two types
of squares: inaccessible wall squares and accessibleinterior
sguares. Several stones are initialy placed on some of the
interior squares. There is also a man that can walk around
by moving from his current position to any adjacent free in-
terior position. A free position is an interior square that is
not occupied by either a stone or the man. If thereisastone
next to the man and the position behind the stone is free,
then the man can push the stone to that free square. The
man moves forward to the initial position of the stone. The
goal of the puzzle is to push all the stones to some specific
marked interior positions called goal squares.

The game is difficult for a computer for several reasons
including deadl ocks, the large branching factor, and long op-
timal solutions. Also, all known lower-bound heuristic esti-
mators are either of low quality, or expensive to compute.



Figure 1: Problem #1 in the standard 90 problem Sokoban
test suite. The six goal sgquares are the marked ones at the
right end of the maze.

A simple planning representation of Sokoban can be ob-
tained by trandating all the low-level properties of the game
into a planning language such as PDDL . For instance, a one-
square push becomes one planning action. We call thisplain
Sokoban. This simple representation leads to very poor re-
sults, as it does not alow for an efficient handling of the
long-range properties of the game. The domain formulation
can be significantly improved by applying the LAP model
to plain Sokoban. We call the new abstracted formulation
abstract Sokoban. In abstract Sokoban, the clustering pro-
duces a decomposition of the maze into rooms and tunnels.
Rooms and tunnels become clustersin the abstract represen-
tation. If there are k clusters extracted from the maze, the
abstract description of a state is atuple of integer values

s = (81,82, Sk)

where s; represents the internal state of cluster ¢. The inter-
nal state of a cluster is a complete description of the stone
configuration and, in the case of rooms, the area reachable
by the man inside that room. The abstract planning actions
are: (a) to re-arrange stones inside a room, so that the man
can walk between two designated entrances and (b) to trans-
fer a stone between two rooms, or between a room and a
tunnel. In case (a) we have unary operators, as they only
change the status of one cluster. In case (b) we have binary
operators, as they change the status of two adjacent clusters.

Figure 2 illustrates how our abstraction model works in
Sokoban. At the global level, a search problem is trans-
formed into a graph (R;,T};), where the nodes R; repre-
sent rooms and the edges 7; represent tunnels. In effect,
the global problem has a much smaller search space. Be-
sides the global planning problem, we also obtain several
local search problems, one for each room. Local problems
check the action preconditions for the global planning prob-
lem. For instance, if the abstract action is to transfer a stone
from room A to room B, we have to check that the local
stone configurations allow this macro-action. Tunnels are so
simple that the associated local problems are trivial.

State of the art in solving Sokoban is about 60 out of
90 problems solved by Rolling Stone and deep green. Our
system, called Power Plan, has solved 25 problems so far.
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We consider our preliminary results very encouraging, as
they show a great reduction of the problem complexity. For
comparison, we could not solve any problem from the stan-
dard test-suite by using a non-abstracted representation of
Sokoban. Using a partial abstraction (i.e., only tunnels were
abstracted), we solved only one problem. We believe that
we can further improve our performance in Sokoban in the
future. The limitations are on the lack of domain-specific
knowledge of Power Plan, not on the abstraction approach.

LAP in Path-Finding

In path-finding, an agent on a map has to find a (shortest)
path from his current position to a destination position. The
map topology can have many forms, such asabattlefield, the
interior of abuilding, etc. The problem isimportant in com-
puter games, robot planning, military applications, etc. The
classical solving strategy is based on single agent search. In
this approach, the map is represented as a grid of atomic
cells, and a search algorithm such as A* is used to search
for the solution. An action is to move to an adjacent cell, if
the destination cell is not an obstacle (Yap 2002).

Our abstraction model groups atomic cells into abstract
clusters, reducing the size of the search space dramatically.
Actions become moving between two entrances of a clus-
ter (crossing a cluster), rather than moving from one cell to
the next. In our experiments, we split the maze into equal-
size boxes which become abstract clusters. For example, a
100 x 100 map can be decomposed into 100 10 x 10 boxes
(clusters). For each edge common to two adjacent clusters,
we identify entrances for communication between clusters.
An entrance is an obstacle-free part of the edge bounded by
two obstacles. For each entrance, we define one transition
point at the middle of that entrance. No points other than the
transition points can be used for moving from one cluster to
another.

We can identify a global problem and several local prob-
lems, one for each cluster. Processing performed inside
a cluster is part of the local problem associated to that
cluster. For each pair of transition points on the border
of the same cluster, we compute an optimal path between
them that is contained in that cluster. Since in path-finding
different problem instances use a fixed map but different
(start, target) node pairs, this pre-processing phaseis per-
formed once and re-used for many problem instances. For
n € {start,target}, we also compute optimal paths from
n to the transition points located on the border of the cluster
that contains n.

At the global level, we define the abstract search graph,
whose nodes are start, target, and the transition points.
Optimal paths between the nodes become weighted edges.
The abstract graph can easily be updated for different prob-
lem instances, as we only have to update information about
start andlor target. Since the map if fixed, the rest of the
abstract graph isfixed too. Searching inthe abstract graphis
the global problem. In Figure 3 we illustrate this abstraction
processon a20 x 20 map.

We compared our method with A* performed at the
atomic level. Our first results show a great reduction in the
search effort. Searching in the abstract graph expands one
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Figure 2: A Sokoban problem (#6 of the test suite) is decomposed into several abstract sub-problems. There is one global
problem as well as one local problem for each room. Rooms and tunnels are denoted by R and T, respectively.
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Figure 3: A 20 x 20 map is decomposed into 4 abstract clusters. The obstacles on the map are represented by ‘@’. A search
space having 280 non-obstacle squares is replaced by a small abstract graph having 9 nodes (not including start and target).

The abstract search space is shown on the right side of the picture.

order of magnitude less nodes than searching at the atomic
level. The length of the solution computed with our method
is very close to the optimal value. When parameters such
as the maze size or the obstacle rate are varied, the average
increase of the solution length (as compared to the optimal
value) is consistently under 1%. These results are especially
valuable as, in path-finding, the speed of the search ago-
rithm is often crucial, while the solution optimality condi-
tion can be relaxed. For instance, in acommercial computer
game, most of the CPU cycles are alocated to other game
modules such as the graphics engine. In addition, solutions
don’t have to be optimal. Sub-optimal solutions that 1ook
realistic will do, too.

We plan to extend our work in path-finding in many direc-
tions, including natural clustering, adaptive abstraction and
hybrid map representation. As we show in the next section,
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when exploring these directionsin ageneric planning frame-
work, the support of the planning language can be very im-
portant. Even if our technique for maze clustering turned out
to be quite efficient, we still want to explore how to discover
more natural clusters such asroomsinside a building. Natu-
ral clusters can lead to simpler local problems. For instance,
if the cluster does not contain any obstacle square, then op-
timal paths between entrances are computed instantly, re-
ducing the pre-processing costs. In a path-finding problem,
parts of the map can be unknown for the planning agent. For
instance, thisisthe case when the map is so large that it does
not fit into the computer’s memory. In this case, the feature
clusters can be built dynamically, as the planning agent dis-
covers more and more parts of the map. When the map is
partialy abstracted, the search can be performed in a space
representation containing both abstract local clusters (for the



already explored parts of the map) and atomic-size squares
(for the unknown parts of the map).

Extending PDDL

In this section we discuss in more detail how a more power-
ful version of PDDL would be beneficia for using abstrac-
tion and hierarchies in Al planning. To better express our
vision, we use Sokoban and path-finding as case-study do-
mains.

Sincetopological abstraction is useful in several domains,
we plan to extend our work in the direction of develop-
ing a generic planning framework based on this type of ab-
straction. A significant part of this generic framework can
be provided by a more general planning language. As we
have pointed out before, the language support that we need
mainly refers to hierarchical planning and topological ab-
straction. The support for hierarchical planning should al-
low us to express an abstracted problem as a sum of sub-
problems having different abstraction levels. The support
for abstraction includes modeling the relation between low-
level and abstract features, automatic abstraction, adaptive
abstraction, and using hybrid state representations. The lan-
guage should al so support usersto guide the abstraction pro-
cess by encoding hints that should be considered by the ab-
straction algorithm.

The rest of the section is structured in two subsections.
The first subsection identifies challenges about extending
PDDL. The second subsection shows concrete steps toward
solving some of theissues pointed out in the first subsection.

Challenges

In this subsection we identify some challenges that we have
faced that could be more easily addressed by using a more
genera planning language. In our experiments with abstract
Sokoban (Botea, Mller, & Schaeffer 2002; Botea 2002), we
used TLPlan (Bacchus & Kabanza 2000), a generic planner
which allows users to plug in domain specific knowledge as
C code libraries. Next we show the parts of our framework
that had to be implemented as custom code.

Since the planning language did not support hierarchical
planning, we represented only the global component as a
planning problem (i.e., formulated in PDDL and solved by
the generic planner). The solver for the local problems was
implemented as custom code in C. This approach definitely
has the advantage of efficiency. On the other hand, it clearly
points out the need for aunified hierarchical planning frame-
work. In such aframework, users should have the opportu-
nity to describe domains using linked levels of abstraction.
As opposed to hierarchical task networks, our abstraction
approach defines boundaries between problem components.
Users should be supported in expressing topol ogical features
of domains such as connectivity of spatial structures within
the domain.

All the abstraction levels of a problem (i.e., in our ap-
proach, both the global problem and the local problems as-
sociated to clusters) should be represented as part of asingle
PDDL problem formulation. This formulation also encodes
rel ationships between problem components, as well as other
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useful information that users may consider for explicit rep-
resentation. The issue of PDDL expressiveness should be
kept separated from the strategy adopted for solving plan-
ning problems. However, we want to point out that a uni-
fied framework may also mean a common solving strategy.
In the unified model, we could perform both the high level
planning and the low-level computation. The same solving
engine can be used to solve both levels of the problem.

The trandlation of a planning problem from the low-level
representation to the hierarchical representation is also part
of the planning framework. This means that the abstraction
processis also integrated in the model. PDDL could be ex-
tended to formalize the codification of rich control knowl-
edge, including hints about how best (in the encoder’s view)
to decompose a problem into components.

Integrating the abstraction process within the model leads
to the interesting and more general debate whether PDDL
should be auser-level language or amachine-level language.

In the first scenario (i.e., user-level), the language is used
only as an interface through which the planner communi-
cates to the outside world. The planner input (i.e., domain
and problem definition) is formulated in PDDL. The plan-
ner's output (i.e. a sequence of actions representing the
problem solution) can also be considered as a PDDL se-
guence. All the internal problem representations used by
the planner are not part of the generic planning framework.
In this scenario, there isagap in the framework between the
low-level representation and the abstracted representation of
a problem. Since internal problem representations are hid-
den and planner specific, we cannot have both a low-level
and an abstract PDDL formulation for the same problem.
We either start the solving process with an abstracted PDDL
formulation, or perform the abstraction internally, being un-
ableto accesstheinternal abstracted problem representation.
In our previous experiments in Sokoban we performed the
abstraction a priori, as a separate pre-processing step. The
input of the planner was a PDDL formulation of the global
component of the abstracted problem.

The more interesting scenario is to consider PDDL as a
machine-level planning language. Thisallowsustointegrate
the abstraction process into the framework. Planners can
use the language to express internal problem representations
at various stages of abstraction. Several possible problem
representations, having different abstraction degrees, can be
formulated in PDDL and used internaly by the planner.
This sets a better framework for planners to automatically
discover useful abstractions and represent them in PDDL.
This also induces greater task modularity and standardiza-
tion. Abstracted problem representations can be produced
and used by other solvers. Last but not the least, when writ-
ten in PDDL, internal problem representations are easier to
understand for humans.

L anguage Extension Ideas

In this subsection we propose some solutions to the chal-
lenges presented above. First, we show how an abstracted
problem can be formulated in an unitary framework. Sec-
ond, we provide concreteideas about supporting the abstrac-
tion process. We include language features that allow users



to guide the abstraction.

When expressed in the extended PDDL, the abstract prob-
lem formulation should actually be a set of inter-dependent
sub-problems defined in the same PDDL file. There is a
global problem and several local problems, one for each
cluster. The file should also contain inter-relationships oc-
curring across the abstraction levels. To identify the sub-
problems, we can introduce two new keywords to the lan-
guage: gl obal and| ocal . These keywords are used for
the problem formulation, not the domain formulation. The
first keyword is part of the global problem header. This
problem is described using abstract state features and ab-
stract actions. When we use a hybrid state representation,
low-level features can be part of the global state description
too. However, to keep our presentation simple, we ignore
this possibility for now. The keyword | ocal introducesthe
description of alocal problem. For instance, the statement:

|l ocal: roonl

can be the header of the local problem associated to the ab-
stract object called r oomL (which was defined inside the
globa problem). The header should be followed by the
PDDL description of the problem. This problem description
isat thelow level.

Since the global states are described using new abstract
features, we need new types of global actions, that change
cluster states. The global actions should also be included
in the global problem definition. The initial low-level ac-
tions become part of the local problems. We point out again
that how to define abstract actions should be kept separated
from the problem of extending the language. What we con-
sider more relevant is the mechanism for computing action
preconditions and effectsin the global problem. This mech-
anism actually establishes the relationship between the local
level and the global level of aproblem.

The local problems do not interact directly. The only
problem interaction alowed in our model is between the
global problem and a local problem. At the global level,
the clusters are treated as black boxes. When solving the
global problem, the planner may need information about the
clusters. Thisinformation is necessary to check action pre-
conditions (i.e., whether the current state of a cluster allows
performing acertain action) and compute action effects(i.e.,
the resulting internal state of a cluster when a certain action
is performed). The cluster information is provided by the
local problem associated with the corresponding cluster.

The planner starts solving the global problem. When
information about a cluster is necessary, the planner stops
solving the global problem and computes the needed piece
of knowledge by performing a search in the corresponding
local problem. After the information needed at the global
level becomes available, the solving of the global problem
resumes. There are several ways to optimize this problem
solving approach at the local level. First, when local prob-
lemsare small enough, they can be solved apriori (i.e., com-
pute and store al the information about the corresponding
cluster that may be needed for the global problem). Second,
the results of on-demand local computations can be cached
and re-used when needed again. Third, several equivaent
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cluster states can be merged to compose one abstract state
of acluster.

In Sokoban, we performed the problem abstraction as
an application-specific method, with no interference with
the generic planning framework. However, we want to de-
velop generic abstraction methods, integrated in our plan-
ning model. Sinceitisoften hard to find “good” abstractions
by using generic methods only, we consider that language
features allowing users to guide the abstraction process are
useful.

At one extreme, the user’s hints could actually complete
the abstraction process. For instance, for each atomic square
square; We can declare:

(hint (belongs_to square; roony)).

This series of statements shows precisely how to build the
abstract clusters.

On the other hand, the abstraction process can be auto-
mated. The rest of our discussion focuses on this case. The
user can assist the abstraction process by encoding hints
about how best to decompose a problem into components.
A very ssimple exampleisthe following:

(hint (= (max_cluster size 10))),

stating that a cluster should contain at most 10 atomic
squares.

Another possible language extension supporting auto-
matic abstraction is the following. Let us assume that the
language accepts the declaration:

(abstracts room square)

as part of the domain formulation. squar e is a predicate
instantiated in the low-level problem description, r oomde-
fines an abstract feature, and abstract s is a key word
of the language. The semantic of this statement is that the
domain can be topologically abstracted by building rooms
out of (closely related) squares. When a problem isinitially
loaded to the planning system, no room object is instanti-
ated. Since the system knows that squares can be grouped
together to form rooms, a clustering method can be used to
discover rooms for the given problem. The clustering algo-
rithm could be either domain-specific or generic. The algo-
rithm can use hints that the user formulates as part of the
domain or problem definition. When formulated in the do-
main definition, the hints apply to all problem instances of
that domain. When formulated in the problem definition, the
hints apply to the considered problem.

The computed clusters replace the corresponding low-
level features in the global problem representation. These
low-level features become part of the local problems corre-
sponding to those clusters.

The discussion on hierarchical planning and abstraction
applies to both our test cases, Sokoban and path-finding. In
addition, path-finding isagood test-bed for adaptive abstrac-
tion and hybrid state representation. Asin the Sokoban ex-
ample, the declaration:

(abstracts cluster square)

can be part of the domain definition in path-finding. Initialy,
no cluster object is instantiated, since the planning agent



did not explore the map at all. On this map, the planning
agent is requested to perform many searches, for different
start and destination points. For instance, in a commercial
game, there can be many charactersthat haveto travel across
the map. Moreover, one character can do many trips during
one game. As the planning agent performs more and more
searches, it aso learns more about the map, being able to
abstract the already explored parts. In effect, the state rep-
resentation changes gradually, as more and more low-level
squares are replaced by abstract clusters. After building one
more abstract cluster, the global problem changes, replac-
ing several low-level squares by an abstract feature. Also,
one more local problem, corresponding to navigation within
the newly created cluster, is added. Before the abstraction
is completed, we need to be able to represent a state as a
mixture of both low-level squares and abstract clusters. This
means that the global problem accepts both abstract clusters
and low-level squares for state representation.

Conclusion

Topological abstraction isapowerful technique for reducing
problem complexity in Al planning and single-agent search.
The method is based on a clustering of the initial problem
representation space. The clustering catches local relation-
ships inside clusters and keeps cluster interactions as lim-
ited as possible. In effect, theinitial problem is decomposed
into atwo-level hierarchy of sub-problems, each being much
simpler than the initial one. At the local level, each clus-
ter has associated a local problem that solves the local con-
straints. Thereisaso agloba planning problem which uses
clusters as features in the global state description.

Since this mode! is useful in several application domains,
it isworth to build ageneric planning framework using topo-
logical clustering. In such a framework, the expressiveness
of the planning language can have agreat importance. Inthis
paper we discussed an extension of the PDDL |anguage sup-
porting hierarchical planning and topological abstraction.
We pointed out challenges that could be better solved with
amore genera planning language. We also presented ideas
about how to solve these challenges. We demonstrated our
ideas using Sokoban and path-finding, two domains where a
hierarchical approach based on topological abstraction can
be beneficial.
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Abstract

This paper discusses specific features of planning in mul-
tiagent domains and presents concepts for a multiagent ex-
tension of PDDL, the Multiagent Planning Language MAPL
(“maple”). MAPL uses non-boolean state variables and thus
alows to describe an agent’s ignorance of facts as well as a
simplified mutex concept. Thetime model of MAPL is based
on Simple Temporal Networks and alows both quantitavive
and qualitative use of time in plans, thereby subsuming the
plan semantics of both partial order plansand PDDL 2.1.

Introduction

In this paper we describe some properties specific to plan-
ning in multiagent systems and, resulting from these prop-
erties, propose a multiagent extension of PDDL, the Multia-
gent Planning Language MAPL (pronocunced “mapl€e”’). By
Multiagent Planning (M AP) we denote any kind of planning
in multiagent environments, meaning on the one hand that
the planning process can be distributed among several plan-
ning agents, but also that individual plans can (and possibly
must) take into account concurrent actions by several execut-
ing agents. We do not impose any relation among planning
and executing agents. one planner can plan for a group of
concurrent executers (this corresponds roughly to planning
with PDDL 2.1 but necessitates extensions allowing more
execution flexibility), severa planners can devise one shared
plan (linear or not) or, in the general case, m planners plan
for n executing agents. In the specific, yet common case of
n agents, each having both planning and executing capabili-
tieswe speak of autonomous agents. Note that we do neither
assume cooperativity nor competition among agents.

RO1

Figure 1: A multiagent planning problem

As a motivating example, fig. 1 shows a simple MAP
problem asit appearsin the RoboCupRescue simulation (Ki-
tano et al. 1999). There are two autonomous agents. police
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force P and fire brigade F'. They have different capabilities:
P clearsblocked roads, F' extinguishes burning houses, both
can move on unblocked roads. Each action has a duration
which may vary because of specific execution parameters
(e.g. location distance, motion speed) and/or intrinsic un-
predictability. For this example, we assume a duration of 30
to 180 minutes for clear, 1 to 4 hours for extinguish, and 2
to 4 minutes for move. The speed and thus the duration of
moveis controlled by each agent while the duration intervals
for clear and extinguish can only be estimated. The agents
knowledge and goals are differing, too: P wants the roads
to be clear, but is unaware of the state of al roads except
R01. F wants al burning houses extinguished, knows that
H1 and H3 are burning, but also that it cannot reach H3
because road R13 is blocked.

Even in this trivial example we can make some general
observations about planning in MAS that will motivate the
concepts introduced in the rest of the paper.

(1) Concurrent acting is central to MAS (P can move to
Locl and start clearing R13 while F' is extinguishing H 1).
(2) Metric timeis needed to realistically describe action du-
rations and their relations. (3) Synchronizing on actions of
unknown (at least to some agent) duration demands qualita-
tive use of time (e.g. “after P has cleared R13"). A specific
usage of qualitative time in MAP is (4) synchronization on
communicative acts, for example “after P has informed me
that R13 isnow clear”.

While many recent planning formalisms allow some de-
gree of concurrency, most fail in providing either (2) or (3).
PDDL 2.1, for example, supports metric time but enforces
planners to assign exact time stamps and durations to all
events (Fox and Long 2002). In contrast, the concurrency
model of (2001) augments partial order plans with concur-
rency, thus allowing flexible, synchronized execution, but
makes no difference between plans that take seconds and
ones that take years. None of the planning models known to
us allows to synchronize on communicative acts.

To summarize, PDDL is, in its current form, inadequate
for representing MAP problems and their solutions, namely
because of the following missing features:

1. beliefs: if more than one agent is manipulating the world
(unlike assumed by classical planners) facts about it can-
not only be true or false, but also ssmply unknown to an
agent (e.g. P not knowing whether road R12 is clear or



not). Instead of using some kind of possible world seman-
tics, we propose to give up the propositional representa-
tion of facts in PDDL and move on to ternary or even
n-ary state variables.

2. model of time: Not only quantitative (“duration is 30
minutes’), but also qualitative (“F moves to Loc3 after P
has cleared R13") models of time are needed to represent
and coordinate multiple-agent behavior. To that end, we
propose to exchange PDDL’s time-point semantics with a
semantics of temporal relations among actions that can be
both quantitative or qualitative.

3. degreesof control: Anagent may exploit another agents
actions in her own plan (*F moves to L3 after P has
cleared R13"), but cannot (by removing them from her
plan) prevent them from happening. Even her own ac-
tions might be only partially controllable by the agent,
e.g. duration of move (controllable) and extinguish (un-
controllable). PDDL must allow to describe controllable
and uncontrollable events so that agents can exploit their
differing properties during planning.

4. plan synchronization: PDDL 2.1’s plan semanticsforces
agents to attribute exact time points to all actions, thus
making synchronization of (partial) plansvery hard (when
trivial merging isimpossible). More importantly, for rea-
sons of flexibility and security it is often best to share
as little information as possible. To achieve such mini-
mum synchronization we suggest not only to change the
temporal model but to allow speech acts as synchronizing
(meta-)actionsin aplan. E.g., al F' needs to know about
P’splanisthat at some point P will have cleared R13. F
can thus enter a speech act TOLD(P,F,R13=CLEAR) into
her own plan that has R13=CLEAR as effect and allows F’
to plan on with that knowledge.

Our extension of PDDL will provide these features. Fig. 2
shows part of a MAPL description for the Rescue domain.
Fig. 3 showsaMAPL plan of agent F for the problem given
inFig. 1

(:state-variables
(pos ?a - agent) - |ocation
(connection ?pl ?p2 - place) - road
(clear ?r - road) - bool ean)
(:durative-action Mve
:paraneters (?a - agent ?dst - place)

:duration (:= ?duration (interval 2 4))
:condition
(at start (clear (connection (pos ?a) ?dst)))
:effect (and
(at start (:= (pos ?a) (connection (pos ?a) ?dst)))
(at end (:= (pos ?a) ?dst))))

Figure 2: Excerpt from aMAPL domain description

The remainder of the paper presents MAPL solutions to
these problems: first, we show how to describe beliefs con-
veniently as non-binary state variables. Then we present the
temporal model of MAPL and its representation of events
and actions. The concepts of control over and mutual exclu-
sivity among events are introduced in the following sections,

siext(F,H1) [60,240] . [2/4J_> € move(F(,L 3)

OB <
D) it e:@g(l:?Hl) </gﬂ%e(FYL3) fb [60,240]
e O s:ext(F,H?;)\,
told(P):blocked(R13)=clear s:ext(F,HS)?
<

Figure 3: F's plan including a reference speech act by P

preparing the ground for the definition of MAPL's plan se-
mantics. Finally, we show how speech acts can provide syn-
chronization between plans of several agents.

Beliefs and other state variables

One main feature distinguishing MAPL from PDDL is the
use of non-propositional state variables: in MAP we must
dismiss the Closed-World Assumption (CWA) that every-
thing not known to be true is false — the truth value might
a so be simply unknown to an agent. There are severa pos-
sibilities to represent such belief states, for example sets of
possible states (possible worlds) could represent al possible
combinations of states for unknown facts. Another possihil-
ity isto represent each of the three possible states of a fact
(true, false, unknown) by a unique proposition and to assure
that exactly of onethese propositions hold in any given state.
Thisissimilar to the representation of negation proposed in
(Gazen and Knablock 1997): explicit negation of a fact is
compiled away in a planning domain by introducing a spe-
cial proposition representing the negated fact and assuring in
the planning domain that only one of the two facts can hold
in astate.

However, we do not see any genuine merit in a proposi-
tional representation of states; the simplest way to represent
beliefs it to alow state variables to have more than just the
two values true and false. We will therefore not only al-
low ternary state variables (with values true, false and un-
known), but n-ary state variables, meaning that a state vari-
able v must be assigned exactly one of its n possible values
in any given state. Among others, Geffner(2000) uses the
same concept and gives an extended formal description and
justification.

For example, in our Rescue domain the state variable
(pos F) could have any of the values LocO, Locl,
Loc2, Loc3 or the new “default” value unknown that is
apossible value for each state variable. Our new CWA will
then be that every state variable the value of which is not
specified in a state (or cannot be deduced otherwise) is be-
lieved to be unknown.

Note that a compilation approach similar to the one of
(Gazen and Knoblock 1997) is still possible: every n-ary
state variable can be compiled down to a set of propositions
that must be ensured to be mutually exclusive. This en-
surance is implicit in the definition of n-ary state variables
and thus gives domain designers a natural way to describe
important invariants of adomain, for example that an object



can only be at one location at atime or may have only shape
or color.

Definition1 A planning domain is a tuple D =
(T, 0,V, type) where T isa set of types, O afinite set of ob-
jects, V the set of state variables. type : OUV — T assigns
a type to each object and state variable. dom : V. — P(0)
with dom(v) := {0 € Oltype(o) = type(v)} U {unknown}
gives the possible values for state variable v. A state vari-
able assignment is a pair (v,0) € V x dom(v), also written
(v=0).

Temporal model

Quantitative models of time are necessary to describe ex-
act tempora relations between actions of differing dura-
tion. Level 3 of PDDL 2.1 provides a simple, yet expres-
sive means to model durative actions. However, the time-
point semantics for plans proposed in (Fox and Long 2002)
isoverly restrictive. In forcing plannersto assign exact time
points to every action in a plan it takes away the execution
flexibility offered by plan semantics based on action order.
Sequential, Graphplan-like ordered, or partially ordered plan
semantics can easily deal with action durations that are un-
known (in general or to a specific agent) because they offer
gualitative notions of time like “after” or “before”. MAPL
is an approach to take the best of both worlds and combine
guantitative and qualitative models of time. The key idea
isto give up the time-point semantics for plans and go back
to ordering constraints among events, but to make these con-
straints more flexible than those of total or even partial-order
planning. Precisely, the temporal component of a MAPL
plan corresponds to a Simple Temporal Network (Dechter
et al. 1991) the constraints of which are intervals describ-
ing the temporal relation among events (instantaneous state
changes). Note that in lieu of the term action we use the
more neutral event here to reflect that state changes are not
necessarily actively brought about by an agent but can also
be observations of “natural” changes in the environment.

Definition 2 An event® e is defined by two sets of state
variable assignments:. its preconditions pre(e) and its ef-
fects eff (¢). For assignments (v = o) in the preconditions
[effects] of an event we will also write (v==0) [(v:=0)].

Relating events by ordering (i.e. temporal) constraintsis
central to partial-order planning (but is aso implicit in clas-
sical time-step based planning). To alow for a quantitative
model of time, we will extend each constraint with an inter-
val expressing the possible variation in two events’ temporal
distance.

Definition 3 A tempora constraint ¢ = (e, e, 1) asso-
ciates events e, eo with an interval I over the real num-

YIn this paper we assume ground events and actions. Instantia-
tion of actions schemas (Fig. 4) includes instantiation of the state
variable schemas (like pos( ?a) ) as well. When a state variable
is used functiondly, i.e. it represents its value in a given state
(like (pos ?a) in(connection (pos(?a) ?p)), instan-
tiation implies creation of ground actions for every possible value
o € dom(v). There, v isreplaced by o and (v == o) is added to
the preconditions.
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(:durative-action Myve_F_Loc2[Locl_R12]
:paraneters (?a - agent ?dst - place)
cduration (:= ?duration (interval 2 4))
:condition (and

(at start (== (pos F) Locl))
(at start (== (connection Locl Locl) R12))
(at start (clear R12))
ceffect (and (at start (:= (pos ?a) R12))
(at end (:= (pos ?a) Loc2))))

Figure 4: Instantiated Move action

bers, describing the values allowed for the temporal dis-
tance between the occurrencetimest., andt., of the events:
(e1,eq, ) issatisfied iff ¢t., — t., € I. I can be open, closed
or semi-open.

Using interval's, we can express that the duration of an ac-
tion is undetermined that an agent isignorant of it. The main
advantage of theinterval constraints, however, isthat we can
express quantitative relations in a quantitative manner: “e,,
occurs after e,” is expressed by the constraint (e, e,, RT);
“e, occursat thesametimease,,” by (e, ey, [0,0]). Togive
qualitative descriptions of concrete, quantitative constraints
wewill usethe abbreviation (e; < es) € C for the expression
VI. (e1,e2,1) €C — I CR™T, i.e. ey occurs sometime be-
forees. (e1 <eq) € C isdefined similarly for sub-intervals
of RJ.

With such constraints we do not need definite time points
any more: all that is important to describe a plan is the re-
lations among the actions and events. As usual in partial-
order planning, theinitia state can be represented by a spe-
cial event ey such that constraints with ey can be seen as
absolute times. However, in MAP, there may be a different
initial event for every agent. To be able to synchronize on
absolute times if necessary, we can (but need not) assume a
common clock. Itismodeled as a special event ey,., the tem-
poral reference point, also called the Big Bang event because
it liesbefore al other events and isthus the point where time
starts. All agents know e, and thus can describe absolute
times as constraints with ey,..

Definition 4 A durative action is a tuple a =
(es,€e, I, einy) Where e, e, are events (called the start and
end event), I CR™ isan interval representing the temporal
constraint (es, e., I) of the forme; < e., and e;,,, is an
event with eff (e) =0, called the invariant event. An instan-
taneous action is a durative action a = (e, e, [0, 0], €iny)
where pre(ein, ) = eff (einy) = 0. For a set of actions Act,
FE 4. denotes the set of start and events of actionsin Act.

It is clear that when only using instantaneous actions and
constraints of theform (e, e,,, R™) between them, we come
back to partial-order plans. On the other hand, when using
durative actions with constraints of the form (e, e, [d, d]),
i.e. exact durations and delays, we will create PDDL 2.1
plans. Thus, MAPL subsumes both partial-order and PDDL
plans.

Before describing the semantics of MAPL plans we will
introduce two more concepts describing events: the first,



control, allowing planners to distinguish between endoge-
nous and exogenous events, the second, mutual exclusive-
ness (or, relatedly, read-write locks) describing events that
must not occur concurrently.

Control

There are two kinds of durative actions: those in which du-
ration is controlled by the executing agent (e.g. reading a
book) and those in which the environments determines the
duration (e.g. boiling water). In the former case, the agent
(or its corresponding planner) can choose the delay from
start to end event, in the latter case the end event may hap-
pen at any time during the interval given by the constraint.
For any set of actions Act,, of an agent a we assumethereis
acontrol functionc,, : E4.s — {a, env} describing whether
the agent or the environment control s the occurrence time of
an event. As agents can normally decide at least the start
time of an action we assume that ¢, (e) = a for start events
€s-

When multiple planners communicate and share parts of
their plans, a planner has to store for each event in a plan
the executing agent controlling the event. As each plan-
ner will plan for at least one agent, the control concept is
a natural way to modedl which events the planner can in-
fluence and how. Durations of actions where both start
and end events are controlled by the planner (i.e. execut-
ing agents associated with the planner) can be manipulated
in the limits of the constraining interval. Actionsin which
only the start event is controlled by the planner can at least
be added or removed from the plan at will. Actions and
events not under control of the planner cannot simply be
removed from the plan; that would be self-deception be-
cause removal would not prevent their occurence. Their
occurence must be taken into account during planning and
plans should be valid for every possible duration in the lim-
its of the constraining interval. (Similar, but more sophis-
ticated concepts are developed in (Vidal and Fargier 1999,
Tsamardinos et al. 2002).)

Mutex eventsand variable locks

Concurrency is a key notion in MAS. In Multiagent Plan-
ning it appears at two levels: as concurrent actionsin a plan
(or distributed over several plans by different agents) and as
concurrent planning. Both levels are closely related: con-
currency conflicts at the plan level must be detected and re-
solved during planning. For the plan level we define:

Definition 5 Two events are mutually exclusive (mutex) if
one affects a state variable assignment that the other relies
on or affects, too. mutex(ey, ) &

(3(v:=o0)€eff (el) Fw,0)) € pre(ez) U eff (e2)) V

(F(v:=o0) € eff (e2) I,0) €pre(er) U eff (e1))

This definition corresponds to mutex concepts in single-
agent Planning, e.g. in PDDL 2.1 or Graphplan(Blum and
Furst 1997). From aDistributed Systems point of view, how-
ever, the mutex definition describes aread-write lock on the
state variable v that will prevent concurrent access to the
same resource v because this may lead to indeterminate val-
ues of v. Interestingly, the correspondence between mutual
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exclusive events and locks on state variable is more visible
in aformalism like MAPL that, by the use of non-boolean
state variables, seems to be a step closer to “imperative”
distributed programming than the more declarative style of
STRIPS and PDDL in which the state variable concept is
hidden behind the Closed World Assumption and ADD/DEL
effects instead of state variable updates.

In the next section, we will use the mutex definition to de-
scribe non-interference in concurrent plans. In another paper
we introduce the related concept of state variable responsi-
bility among agents to solve lock/mutex conflicts during dis-
tributed planning (Brenner 2003).

Plans
Definition 6 A multiagent planisatuple P = (A, E,C, ¢)
where A is a set of agents, £ a set of events, C' a set of
temporal constraintsover £, and ¢ : E — A isthe con-
trol function assigning to each event an agent controlling its
execution.

We can now start to describe when a plan is valid, i.e.
executable. We will split this definition into two aspects:
temporal validity, meaning that there are no inconsistencies
among temporal constraints in the plan, and logica consis-
tency, meaning that no actions do logically interfere or are
disabled when they shall be executed in the plan.

To simplify the next definitions we assume the set C' of

temporal constraints to be always complete, i.e. Vep, e €
E3I. (e1,e9,I) € C. Thisis no restriction because we can
assume C' to contain the trivial constraints (e, e, [0, 0]) for
al eventse € E and (e, ez, (—o0, 00)) for unrelated events
e1 # es.
Definition 7 A set of temporal constraints C'is consistent if
—Jey,e,...,en.(e1<e3) ECA(ea<e3)ECA---N(e,<
e1) € C. Amultiagent plan P = (A, E, C, ¢) is temporally
consistent if C' is consistent.

This is a reformulation of the consistency condition for
Simple Tempora Networks (STNs) (Dechter et al. 1991) as
(E,C) isin fact an STN?. Using the Floyd-Warshall algo-
rithm (Cormen et al. 1992), consistency of an STN can be
checked in O(n?). In planning, new events and constraints
are repeatedly added to a plan while consistenty must be
kept. To check this, we have devel oped an incremental vari-
ant of the algorithm (omitted from this paper) that checksfor
consistency violations caused by a constraint newly entered
into the plan. Thisalgorithmisin O(n?) (for every addition
of aconstraint).

Definition 8 A multiagent plan P = (A, E, C,¢) is logi-
cally valid if the following conditions hold:

1. No mutex events ¢’, ¢” € E' can occur simultaneously:
Ve e € E.mutex(e’,e”) — (e'<e”)eC V (e"<e’)eC

For any assignment (v == o) in the precondition of any
event e€ F thereisa safe achieving event ¢’ € E:

2\We are aware that STN consistency is not adequate for plans
with uncontrollable action durations. We are working to integrate
the concept of dynamic controllability into our framework (Vidal
and Fargier 1999).



2. (¢/<e)eC A (v:=o0)€eff (e) (achieving event)
Ve e EV(v:=0d)€eff(e"). o 0 — (" <¢)e
C Vv (e<e")eC (safety)

Conditions 2 and 3 define plans as valid if there are no
open conditions and no unsafe links, an approach well-
known from partial order planning(Nguyen and Kambham-
pati 2001; Weld 1994). Condition 1 (similarly used in
GraphPlan(Blum and Furst 1997)) describes threats caused
by conflicting effects that do not necessarily cause unsafe
links. This happens especialy when events violate invari-
ants of durative actions.

Definition 9 A planning problem for an agent a is a tuple
Prob, = (Act, cq, €p, ex) Where Act is a set of actions, ¢,
isthe control function for Act, and eg, e, are special events
describing the initial and goal conditions.

We will now define when a plan solves a problem. We do
not need to and cannot use happening sequences like PDDL
2.1 because of MAPL'’s plans being partialy ordered. In-
stead we will reduce the question to a check for temporal
and logical validity of a new plan that is obtained as a com-
biniation of the problem with the solution plan.

Definition 10 A multiagent plan P= (A, E, C, ¢) isvalid if
it is both temporally consistent and logically valid. A plan
P is a solution to a problem Prob, = (Act, cq, €0, €c0) Of
agent « if the following conditions are satisfied

1. ciscongistent with ¢,: ¢,(e)=z — c(e)=x and
V(es, €y I, €iny) € Act.
[clec)=a — V(es,ee,I') € C.T' CI] A
[clec)=env — V(es, e, I') e C. I' =1]
2. V(es, e, I, €iny) € Act.
es €E — (ec€ENep,€E) A
(es<€iny) EC A (€iny <€) €C
3. for " = C U pf{(eo,e,RY), (e,e00,RT)}
P’ = (A, EU{eg,ex0},C’, c)isvalid.

In words these conditions can be described as follows:

(2) the plans uses actions controlled by the agent in the
way they are specified in the problem: the agent controlling
an event is the same in the problem and in the plan; only
actions in which the planner can control start and end event
can be tightened during planning (complete control).

(2) durative actions and their invariants are used as ex-
pected: for each action appearing in a plan, its start, end,
and invariant event must all appear in the plan as well as
constraints describing their appearance in the natural order:
es < €einy < €.. Note that no “pseudo” time points must
be associated with invariants but that it suffices to have con-
straints forcing them to hold anytime between the start and
end events.

(3) executing the plan intheinitial state reachesthe goals.
Though looking simple, this last condition is the most im-
portant: when initial and goal events are added to the plan
with constraints describing that theinitial event (goal event)
happens before (after) al othersin the plan, then temporal
and logical validity of the resulting plan signifies that the
plan solves the problem.
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Note that the solution plan is not required to contain only
actions from Act: aplan can solve an agent’s problem even
if it contains not asingle action of that agent!

Speech acts as synchronizing events between
plans

An agent using a fact in his plan need not know how, why
or by whom it has been achieved. In temporally uncertain
domains the agent must even plan not knowing when ex-
actly the fact will become true. To enable planning under
these different kinds of ignorance, we will alow agents to
use different kinds of possibly virtual reference events in
their plans. As the same event may appear in plans of dif-
ferent agents this provides an implicit coordination among
those plans while still allowing the knowledge about causal
or temporal links of the event with others to vary largely
from agent to agent.

A basic reference event that we will only briefly men-
tion here is ey, the tempora reference point lying before
all other events. All agents know e,,. and thus can describe
absolute times as constraints with ey,

For MAP it is most important that agents can coordinate
and exchange knowledge about the domain and their plans.
This can be done with communicative events (i.e. speech
acts). For now, we propose only the simple communica-
tive act of the form TELL,, , with pre(TELL, ,) = {(v,0)}
and eff (TELL,,) = 0 and its counterpart TOLD, , with
pre(TOLD, ,) = h and eff (TOLD, ,) = {(v,0)}.

By entering new information into the current plan with
TOLD agents can use it like any effects of other events: as
preconditions of new actions and as temporal reference in
congtraints. It is the latter use that is especialy helpful:
the TOL D event provides automatic synchronization with an-
other agents plan. E.g. fig. 3 shows how the fire brigade
synchronizes on the police clearing a road without knowing
when or how thisisdone. Only the minimum of information
necessary for coordinated action is communicated. Thisis
important both for privacy reasons and to keep individual
knowledge bases conveniently small.

Having communication explicitly anchored in the plan
has several advantages. First and foremost, “being told
something” is one of the simplest means for modeling “ ob-
servations’ of world changes not brought about by an agent
himself. This way, we do not need complex semantics for
information gathering or conditional plan execution.

For the speaking agent, the communicative act represents
a commitment to inform the other of a specific fact during
execution. It is not enough, for example, that a police agent
promises to clear a road during planning, but that also the
fire agent somehow hasto be informed during execution that
this promise has been realized. Anchoring the speech act in
the plan thus is a “physical” representation of the link be-
tween the commitment made during planning and its fulfill-
ment during execution.

During distributed planning this means, on the other hand,
that plans synchronized by speech acts also commit the
agents to coordinate changes to their plans. If, for exam-
ple, the police agent decides at some point during planning



that he must revise hisdecision to clear R13, the TELL event
will remind him to inform the fire brigade of this change.
The speech act can thus represent a distributed backtracking
point, a concept similarly used in Distributed CSP solving
(Yokoo and Hirayama 2000).

The basics for a distributed planning agorithm using
speech acts both to exchange missing information and to
synchronize are presented in (Brenner 2003).

Conclusion and future work

We have presented basic concepts for the Multiagent Plan-
ning Language MAPL, an extension of PDDL that supports
planning for and by Multiagent Systems. MAPL's temporal
model can be used to describe exact, quantitative temporal
relations aswell asflexible, quantitative ones. It might there-
fore be useful not only for multiagent scenarios but for every
domain where execution flexibility is important after plan-
ning has been completed. MAPL’s use of non-boolean state
variables makes it easier for domain designers to describe
basic invariants like “an object can have only one location
at atime’. It aso sheds some light on the relation between
mutually exclusive actions in Planning and similar concept
in Distributed Computing like read-write locks on variables.

We have defined temporal and logical validity of MAPL
plans as well as what it means to solve a specified planning
problem. As, in contrast to PDDL 2.1, MAPL plans are par-
tially ordered we cannot and do not need to define happening
sequences or induced simple plans for MAPL plans. This
also avoids associating invariants with “ pseudo” time points.

In another paper (Brenner 2003), we present the first sin-
gle agent and distributed planning algorithmsfor MAPL do-
mains. These algorithms are as preliminary as the definition
of MAPL’s syntax and semantics. Exciting future work is
possible now: we are currently working on a parser and a
small domain suite to test both the expressivity of the lan-
guage and the powers and limits of our algorithms.

MAP has been a topic of interest in Al for quite some
time. However, not much work has been published, neither
in the field of Multiagent Systems (MAS) nor in Planning;
furthermore, what has been published is mostly stand-alone
work that has not led to a steady development in MAP re-
search. In our view, thisis due to an unfavorable separation
of the (single-agent) planning phase and the (multi-agent)
coordination and execution phase, resulting in Al Planning
researchers concentrating mostly on the former and MAS
researchers aimost exclusively dealing with the latter. This
separation isonly possible with strong assumptions that nar-
row the generality of the proposed approaches, for example
the assumption in MAS research that the actual planning of
each agent can either be handled by classical single-agent
planning methods or is eased by a given hierarchical task
decomposition. The Al planning community, on the other
hand, has only recently fully acknowledged the need for so-
phisticated models of concurrent plan execution (earlier ex-
ceptions include most notably work by M. Ghallab(Ghallab
and Laruelle 1994)). MAPL is an attempt to show possible
extensions of PDDL 2.1's representation in a way that al-
lows flexible execution after and easy coordination during
the planning process. We hope that our representation will
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alow to conveniently describe largely differing MAP do-
mains for which researchers can propose and cross-eval uate
very different algorithmic approaches, thus promoting the
field of Multiagent Planning.

References

Avrim Blum and Merrick L. Furst. Fast planning through
planning graph analysis. Artificial Intelligence, 90(1-2),
1997.

Craig Boutilier and Ronen Brafman. Partial order planning
with concurrent interacting actions. Journal of Artificial
Intelligence Research, 2001.

Michael Brenner. Multiagent planning with partially or-
dered temporal plans. In Proc. 1JCAI, 2003.

T. Cormen, C. Leiserson, and R. Rivest. Introduction to
Algorithms. MIT Press, 1992.

Rina Dechter, Itay Meiri, and Judea Pearl. Temporal con-
straint networks. Artificial Intelligence, 49, 1991.

Maria Fox and Derek Long. PDDL 2.1: an Extension to
PDDL for Expressing Temporal Planning Domains, 2002.

B. Gazen and C. Knoblock. Combining the expressiveness
of UCPOP with the efficiency of Graphplan. In Proc. ECP
'97, 1997.

H. Geffner. Functional STRIPS; a more flexible language
for planning and problem solving. In Jack Minker, editor,
Logic-Based Artificial Intelligence. Kluwer, 2000.

M. Ghallab and H. Laruelle. Representation and control in
IXTeT, atemporal planner. In Proc. of AIPS’ 94, 1994,

H. Kitano, S. Tadokoro, I. Noda, H. Matsubara, T. Taka-
hashi, A. Shinjoh, and S. Shimada. RoboCupRescue:
Search and rescue in large-scale disasters as a domain for
autonomous agents research. In Proc. 1999 |IEEE Intl.
Conf. on Systems, Man and Cybernetics, 1999.

XuanLong Nguyen and Subbarao Kambhampati. Reviving
partial order planning. In Proc. 1IJCAI ' 01, 2001.

loannis Tsamardinos, Thierry Vidal, and Martha Pollack.
CTP: A new constraint-based formalism for conditional,
tempora planning. Constraints Journal, 2002.

Thierry Vidal and Hélene Fargier. Handling contingency
in temporal constraint networks. Journal of Experimental
and Theoretical Artificial Intelligence, 11, 1999.

Daniel Weld. An introduction to least commitment plan-
ning. Al Magazine, 15(4), 1994.

Makoto Yokoo and Katsutoshi Hirayama. Algorithms for
distributed constraint satisfaction: a review. Autonomous
Agents and Multi-Agent Systems, 3(2), 2000.



The Loyal Opposition Comments on Plan Domain Description Languages

Jeremy Frank and Keith Golden and Ari Jonsson
Computational Sciences Division
NASA Ames Research Center, MS 269-2
frank@email.arc.nasa.gov
Moffett Field, CA 94035

Abstract

In this paper we take a critical look at PDDL 2.1 as designers
and users of plan domain description languages. We describe
planning domains that have features which are hard to model
using PDDL 2.1. We then offer some suggestions on domain
description language design, and describe how these sugges-
tions make modeling our chosen domains easier.

The Loyal Opposition

PDDL has served as the underpinnings of the Planning Com-
petition, and has had an enormous impact on the planning
community as a whole. PDDL and STRIPS have served as
a lingua francafor deterministic planning domains, mak-
ing it possible for researchers to compare techniques on
the same problems and enabling meaningful comparisons of
those techniques. The result has been considerable progress
in planning algorithms.

Recently, however, the problems of interest to the plan-
ning community have changed. Goal achievement by itself
is no longer enough, and the form of the goals has changed
as well. Temporal planning requires meeting goals that in-
clude temporal constraints and resource constraints. While
it is possible to model planning domains with temporally ex-
tended state and resources using purely propositional mod-
eling languages, it is expensive in modeler effort and results
in huge domain descriptions. By contrast, software domains
such as data processing, web services integration and and
information integration generally require incomplete infor-
mation, incompletely known dynamic universes and sensing
actions, but do not, generally, require rich models of time.

In this paper, we take a critical look at the design of PDDL
2.1. Our perspective is that of researchers in planning and
scheduling who have considerable experience in designing
and using planning domain description languages. We will
describe planning domains that pose problems for PDDL
2.1. We will then describe what we believe are the core set of
features for modeling planning domains. We will show how
these core features simplify the modeling of the domains of
interest.

PDDL and its Discontents

In this section, we describe some domain models and their
PDDL 2.1 representations, and then discuss reasons why the
PDDL 2.1 model is problematic.
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Temporal Constraints and Instantaneous Events

PDDL 2.1 requires that propositions hold for a non-zero
amount of time before they are used as preconditions for ac-
tions. However, PDDL’s underlying representation of states
is not based on intervals, and so this makes it difficult to
specify the interaction between multiple events that modify
the same proposition. It will also be difficult to see what
domain axioms resulted in the separation of two events that
modify the same proposition in the final plan.

Part of the reason for this is that sometimes actions require
additional constraints to decide whether the action sequence
is legal, and PDDL 2.1’s semantics forbid such plans when
there is a possibility of plan execution failure. The following
example appears in (Fox & Long 2003) . The model includes
action A with preconditions P Vv @) and effect R, and action
B with preconditions P and effect =P and S. These two
actions are considered mutually exclusive because a plan in
which A and B execute concurrently may fail. We might
have A and B execute at the same time in a state where —Q)
holds, for example. PDDL assumes that the executions of
A and B are actually ordered, and that the order is arbitrary.
Thus, if the state happens to be one where =) holds, it may
be that B happens first, making A fail both its preconditions.

Modeling this scenario by asserting the intervals of time
over which P and @ hold, and forcing actions to declare
how long the precondition must hold, clarifies the situation.
For example, if A requires P to hold for 1 unit of time prior
to A’s execution, then in order for the plan to be legal, B
can’t happen at a time that makes P true for less than a unit
of time. This makes it possible to both post and check the
constraints that must hold for both A and B to happen con-
currently. If P has held for long enough, then A and B can
happen at the same instant, even in a state where =@ holds.

A related problem is that it is hard to express certain tem-
poral constraints in PDDL 2.1. For example, suppose that an
action Take-Picture requires a proposition stable to hold for
a period lasting from at least 5 seconds before to at least 5
seconds after the Take-Picture ends. Furthermore, the cam-
era expends energy only during the time of the exposure,
which lasts 24 seconds. During the intervening 5 seconds
before and after the exposure, the camera could be involved
in other activities such as changing the filters, but can’t slew
(as this results in vibration).

PDDL 2.1 does not allow direct expression of the con-
straints on stability. As we said previously, there is no way



(:durative-action take-picture
:parameters (?s - satellite ?c - camera ?0 - observation)
:duration (= ?duration 24)
:condition (and (at start (pointing-at (?s ?0)))
(at start (on ?c))
(at start (stable ?s))
(over all (on ?c))
(over all (stable ?s))
.effect (and (captured-but-not-stabilized ?0)
(at start (decrease (energy ?s 5)))
(at end (increase (energy ?s 5)))))

(:durative-action stabilize-before
:parameters (?s - satellite)
:duration (= ?duration 5)
:condition (over all (stable ?s))
.effect (and(at end (stable ?s))))

(:durative-action stabilize-after

:parameters (?s - satellite ?0 - object)

:duration (= ?duration 5)

:condition (and(at-start (captured-but-not-stabilized ?0))
(at start (stable ?s))
(over all (stable ?s)))

.effect (and (at end (not(captured-but-not-stabilized ?0)))
(at end (captured ?0))))

Figure 1: Temporal Constraints in PDDL 2.1

in PDDL 2.1 to write a condition that requires a proposi-
tion to hold for an interval of time. Thus, we can’t even re-
quire that Stable hold for 5 seconds before Take-Picture can
start. We can write an action Stabilize-Before that lasts for 5
seconds, with an effect Stable, after which Take-Picture can
be performed. Take-Picture also asserts Stable throughout
the 24 second interval, and properly asserts that the instru-
ment must be on, and affects the power properly. Now, how-
ever, we must ensure that stability is held for another 5 sec-
onds. We can do so by asserting a condition captured-but-
not-stabilized for the observation. The only way to assert
captured, then, is to execute the stabilize-after action. The
only remaining problem is that these actions should be ex-
ecuted back-to-back to enforce our original constraint, and
PDDL 2.1 has no way of ensuring that this happens.

Notice that PDDL 2.1 does not allow direct assertions that
states hold for a period of time, but rather uses action dura-
tion to indirectly affect the amount of time that propositions
hold during a plan. More generally, PDDL preserves the no-
tion of preconditions and effects from STRIPS, which sim-
ply doesn’t make sense when considering plans with over-
lapping concurrent activities. The stability condition de-
scribed above is more than a persistent precondition, in that
it outlasts the end of the action. PDDL has no mechanisms
to specify such requirements.

Exogenous Events

Consider a domain containing a spacecraft that collects data
which can be transmitted back to Earth only at specific
times. PDDL 2.1 forces this to be modeled using constraints
on the times that communication actions can begin and end.
This must be accomplished by using a conditional effect that

enumerates, in the condition, the possible start times for the
communication windows. For instance, suppose that com-
munication windows are open from times 1 to 5, and from
times 7 to 10. The model in Figure 2 describes how this
works. Notice also that we have a function compute-open-
window-duration that determines how long the action takes
based on the start time.

While this enforces the correct behavior in the sense that
communication windows are open at the correct times, it
doesn’t actually have the desired semantics; if a use-window
action occurs at a time when no window is available, the ac-
tion occurs and uses time, but the communication window
is not open for use, when in fact we would like the action
to fail. Furthermore, this approach requires rewriting the
model for each new situation. In particular, the conditions
and the function compute-open-window-duration now must
be revised for each new set of communication windows de-
sired.

The problemis that PDDL does not allow the user to spec-
ify specify exogenouseventghat are known to be in the plan.
For a treatment of exogenous events in temporal planning
we refer the reader to (Smith & Jonsson 2002). Exogenous
events require no explanation, and may establish states that
can be used by other actions. Often, a null action is assumed
to have established all the propositions in the initial state;
the ability to include many such exogenous actions at differ-
ent times is therefore a natural extension to planning domain
initial states. Including exogenous events will make domain
models more general; for example, the constraints in the
satellite domain governing communication activities can be
removed, and a general condition establishing the existence
of a communication window can be used instead. The initial



(:durative-action use-window
:parameters (?s - ground-station)

:duration (= ?duration (compute-open-window-duration(?s ?start))

:condition (at start (closed ?s)))

:effect (and (when (or (and (> (?start 1)) (< (?start 5)))
(and (> (?start 7)) (< (?start 10))))
(over-all (in-use ?s))
(at end (not(in-use ?s))))))

Figure 2: Exogenous Events in PDDL 2.1

state will contain a listing of all communication windows.

Continuously Varying Quantities

Suppose we have an aircraft that can be refueled in flight.
We would like to model the amount of fuel in the fuel tank
while the aircraft is both consuming fuel and being refueled.
As pointed out in (Fox & Long 2003), PDDL 2.1 offers two
options for modeling this domain; discrete durative actions
and continuous durative actions. Discrete durative actions
force all modification of the fuel amount to occur at the end
of the action. Under some circumstances this assumption
eliminates plans that are legal. Suppose the plane has 5 units
of fuel left when the refueling action begins, and consumes
1 unit of fuel per unit of time. Suppose further that the re-
fueling operation adds 20 units of fuel but takes 10 units of
time. Modeling with discrete updates, the plane would be
out of fuel before the refueling action finishes.

Continuous durative actions allow the fuel state to be con-
tinuously updated, and so the situation described above can
be avoided, since the net fuel change is to add one unit of
fuel per unit of time during refueling. This increased power
comes at a high price. The function governing the amount of
fuel must be evaluated at arbitrary points during the action,
and this imposes strict requirements on concurrent actions
updating the same numeric quantity in the plan.

The requirement for continuous updating of variables re-
sults in complex and overly restrictive semantics. It is un-
necessary to allow such unrestricted access to continuously
varying quantities. First, (Fox & Long 2003) indicate that
plan validation only checks the values of continuously vary-
ing quantities at finitely many points, which implies that
high order nonlinear functions cannot be validated. Thus,
the power of the approach is not actually used. It is not clear
whether such high order variations are simply forbidden, or
whether model correctness is sacrificed in such cases. Sec-
ond, modelers usually have a good idea of the conditions un-
der which values of variables are needed, and can build the
models to correctly account for these situations. As pointed
out in (Fox & Long 2003), an alternative model is possible
in which the correct value of the fuel was only guaranteed
to be visible at the start and end of the action. The action of
refueling would change the rate of fuel consumption, neces-
sitating a new action, Flying-and-Refueling. After the com-
pletion of the refueling, if further flying was needed, then
Flying would resume.

As discussed in (Fox & Long 2003), a model such as this
one is weaker than the model using continuous durative ac-
tion, in the sense that more states are needed, more param-
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eters may be needed to propagate values through Flying-
while-Refueling, and there is no way to access the value of
fuel in the middle of the Flying or Flying-while-refueling
actions. But the need for doing so has been eliminated, be-
cause the Refueling action now changes the state to Flying-
and-Refueling, and all that is needed is the value of the fuel
level at the end and beginning of the actions to ensure the
fuel value is propagated correctly. The arguments in (Fox
& Long 2003) indicate that all possible concurrent actions
affecting fuel may need to be considered. While this is true,
the approach taken in PDDL 2.1 actually infers these concur-
rent actions during the plan validation phase, and assumes
that checking the endpoints of the actions is sufficient to
validate the constraints. In situations where this is not suf-
ficient, the modeler musttake the burden on, to the extent
they see fit when modeling the application. Thus, the PDDL
2.1 approach makes the commitment to model fidelity for
the modeler, and is inappropriate for more complex cases.

Resources

PDDL 2.1 uses numeric expressions to model resources. We
have seen examples of resources modeled this way in Figure
3. However, this approach makes it difficult to do some very
useful reasoning about resources. Techniques like edge find-
ing (Baptiste & Pape 1996) and resource envelopes (Muscet-
tola 2002; Laborie 2003) require an explicit notion of activ-
ities using resources in order to work. In addition, modeling
resources solely through numeric expressions tends to hide
information from humans reading models, as well as forc-
ing modelers to hide obvious resources in the model by us-
ing the numerical expressions. While techniques like TIM
(Long & Fox 2000) can be used to infer the presence of re-
source behavior in planning domains, we feel there are sig-
nificant advantages to explicitly declaring these parts of do-
main models. Note that complex numeric expressions may
still be necessary to determine the actual amount of resource
consumption or production; for example, a model of so-
lar panel power production will require complex numerical
constraints to determine the actual impact on the resource.
However, an explicit declaration of resources and explicit
declaration of resource use by actions can be beneficial.

Infinite and Dynamic Domains

In order to ensure that the number of actions and proposi-
tions is finite, PDDL permits only a finite number of objects,
which must be explicitly enumerated, and does not allow ar-
guments to actions or predicates to include numeric expres-
sions (numbers being the only non-finite domains permitted



(:durative-action fly
:parameters (?x - airplane ?y - waypoint ?z - waypoint)
:duration (= ?duration (travel-time ?y ?z))
:condition (and (at start (at (?x ?y)))
(over all (inflight ?x))
(over all (>= (fuel-level ?x) 0)))
.effect (and (at start (not (at ?x ?y)))
(atend (at (?x ?2)))
(at start (inflight ?x))
(at end (not (inflight ?x)))

(decrease (fuel-level ?x) (* #t (fuel-consumption-rate ?x)))))

(:durative-action midair-refuel

:parameters (?x - airplane)

:condition (inflight ?x)

.effect (increase (fuel-level ?x) (* #t (refuel-rate ?x))))

Figure 3: Flying and Refueling in PDDL 2.1

in PDDL). It also forbids functions that return objects, which
could be used to introduce infinitely many new objects. The
justification for these restriction is that many planners rely
on being able to enumerate the actions and propositions in a
planning problem.*

Since PDDL is designed for the planning competitions,
tailoring it to the limitations of the planners competing is
reasonable. However, from the perspective of modeling cer-
tain real-world domains, having such a requirement encoded
in the language definition is problematic. For example, (Fox
& Long 2003) point out that it is impossible to write a PDDL
action to fly at a certain altitude. Indeed, an action to drive
at a given speed or a given distance would also be ruled out
for the same reason.

This requirement also makes PDDL unsuitable for mod-
eling software domains. Software domains include informa-
tion integration, web services, data processing, and other do-
mains where the agent interacts in a software environment.
These domains are typically characterized by a large, incom-
pletely known and often dynamic universe. Since PDDL 2.1
was not designed to handle sensing, we will defer the dis-
cussion of incomplete information. Instead, we focus on dy-
namic universes. In PDDL 2.1, actions that create new ob-
jects must be modeled by enumerating all objects that might
appear during planning ahead of time, either explicitly or
implicitly. For example, in the Settlers domain, newly cre-
ated machines are modeled using an integer counter. Such
an approach is inadequate for describing software domains.
For example, consider the following command, which cre-
ates a new archive of the files in directory ~/papers:

zip papers.zip ~/papers

This action fails to conform to PDDL restrictions in
two ways; first, it creates a new object, the archive
~/papers.zip. Second, one of its arguments is a string,
which is not a finite type. Actually, both arguments are
strings, but one of them, ~/papers, designates an exist-

LA philosophical argument is also offered: that there are only
finitely many objects in the world; we agree that this is technically
true, but for all practical purposes it is false, and the number of
possible actions in many worlds of interest is essentially infinite.
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ing object, a directory, and the number of directories is fi-
nite. Following the general advice in (Fox & Long 2003),
we could use the directory as an argument, rather than re-
ferring directly to its pathname, so that argument would be
finite. However, the other argument designates a file yet to
be created, so there is no existing object for which it is an
attribute.

One might insist that such open-ended choices in action
selection create an unreasonable burden for the planner, but
nothing could be further from the truth. Either the choice
will be constrained by the problem specification, in which
case there may be no choice at all, or it will not, in which
case the choice doesn’t matter; any random string will suf-
fice. From a constraint reasoning perspective, it is a trivial
problem.

String and numeric arguments are ubiquitous in software
domains. In addition to file creation, many image processing
commands take numeric arguments, such as thresholds, val-
ues for scaling, rotating, brightening, compression factors,
etc., and positions for cropping or overlapping images. None
of these values are attributes of existing objects, but they
are controls that the planner should be able to set, because
whether, and how well, the plan achieves the goal depends
on the values of those numeric arguments. For example, a
user may want to scale an image to just fit on her screen,
maintaining the same orientation and aspect ratio. The ap-
propriate scale value depends on the horizontal and vertical
extents of the image and of the screen. Another user may
want to combine two images which are at different resolu-
tions. Doing so will require scaling one of the images so that
its resolution matches the other; the appropriate scale value
depends on the resolutions of the two images, and possibly
additional constraints, such as memory and the resolution of
the final image.

One could imagine handling the object creation by list-
ing, in advance, all of the objects that could be created. For
example, we could have a few hundred "blank” file objects,
and instantiate them as needed when new objects are cre-
ated. However, this is not just inelegant and inefficient; it is
also inadequate. Consider the reverse of the archive creation
action above: archive extraction:



unzip papers.zip

This action will create new copies of every file in the
archive papers.zip, preserving the original directory
structure from ~/papers, but rooted in the current direc-
tory. Since a single action can create an unbounded num-
ber of new objects, listing all of the new objects up front is
clearly infeasible.

(Fox & Long 2003) raise the concern in connection with
infinite domains that extensional interpretations of quanti-
fied preconditions are no longer possible. This is not a prob-
lem in the examples we have discussed because, although
domains are dynamic, in any given state, any object domain
is finite and can be directly determined from the execution
trace that led to it. In fact, there is no way to introduce infi-
nite numbers of new objects unless actions can have an infi-
nite number of effects, which impossible to describe unless
we already allow quantification over infinite domains. In
other words, there is no way to get quantification over infi-
nite domains unless we already have it.

A related issue is that an extensional interpretation of uni-
versally guantified goalsmay not be possible, because the
universe at the time the goal is achieved is not known at plan-
ning time, even if the agent has complete information and all
actions are deterministic. Indeed, there could be many goal
states with quite different universes, depending on the exe-
cution traces followed to reach the goal. However, this can
be solved quite simply by interpreting the Herbrand universe
with respect to the initial state, as is done in (Golden & Weld
1996).

Domain Description Languages: An
Ontological Approach

The essence of modeling is abstraction, and the essence of
abstraction is simplification — omitting details so that the
model is simpler than the thing being modeled. Choosing
the right abstraction for a problem makes the problem much
easier to solve. Domain description languages should enable
modelers to abstract away details of planning domains that
they feel are irrelevant to the task at hand.

There is an implicit agenda in the expansion of PDDL
to gradually encompass more and more features that are
needed for various planning domains. One possible conclu-
sion of this is a grand-unified domain description language
(GUDDL). As we have pointed out in this paper, some of the
problems with PDDL 2.1 stem from an attempt to shoehorn
time and resources into a STRIPS-based language. We an-
ticipate similar problems as other features are encompassed.
Domain modelers will tend to reject a language with un-
needed features if the presence of those features proves to
be a burden, either in increased computational complexity
or increased modeling difficulty.

STRIPS and earlier versions of PDDL impose one set of
abstractions: instantaneous action, the STRIPS assumption
concerning persistence of states, and so on. Planning frame-
works like CAIP (Frank & Jonsson 2003) impose different
abstractions, such as the failure to distinguish state and ac-
tion. PDDL 2.1 offers yet another set of abstractions, the
ability to assert only local temporal constraints and tying
temporally extended states to actions with duration, and the
freedom from modeling the interaction of some concurrent
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actions that modify the same quantities. Incomplete infor-
mation, offers additional options for abstraction. Some rep-
resentations opt for a list of all possible states, others for
a probability distribution over all possible states, in which
the underlying representation is propositional. Still others
reject the propositional abstraction, to allow sensors that re-
turn (possibly continuous) values, but give up explicit case
analysis afforded by enumerating states.

It is unlikely that a modeler will model a behavior in
two different ways in the same model. Having a language
that supports different abstractions of the same underlying
concept also makes the language clumsy to use and makes
model validation more difficult. While some of the abstrac-
tions are hierarchical, forcing a planning domain to sup-
port the most concrete leads to both inefficiency and frus-
tration on the part of domain modelers who don’t use the
power of the language. Furthermore, it is unlikely that dif-
ferent abstractions will be needed in the same model 2 A
domain modeler is unlikely to want to put both continuously
changing quantities and discretely changing quantities into
the same model, for example. That same modeler, however,
may want unary resources in a model which also has contin-
uously changing quantities. In order to unify the languages,
the resulting language will have to be less abstract, and the
language will become more unwieldy.

A Common Core

As an alternative to a single language for all planning do-
mains, we propose a common core for use in many planning
domain description languages. The core must contain the
essential elements of all planning domains, and provide a
common set of concepts that can be used to develop many
planning languages. These languages can have different
syntax, and different underlying implementations that play
to the strengths of the particular additional components, but
depend on the same set of underlying ideas.

We believe that all planning domains require the follow-
ing components:

1. A notion of state States must be allowed to contain nu-
merical argumentsbut are fundamentally discrete state-
ments about the world.

2. A notion of objectsor attributes which take on states.

3. A notion of the conditions governing state transitions
States may either end on their own or be terminated by
an event or action. The rules governing these state transi-
tions must be encoded in the domain description. Some-
times these transitions may be uncertain, and sometimes
they may be conditional, but they must be described.

4. A notion of the requirementsstates impose on plans.
States must be explained; either an event establishes them
or they are exogenous. Furthermore, states generally im-
pose conditions on the plan. Again, sometimes the re-
quirements may be conditional.

Modelers must describe the set of objects that ex-
ist in the world, and enumerate the states they can

2A potential exception to this is unified agent models, in which
models of different levels of abstraction must be coordinated. How-
ever, itis unlikely that the same planner will work with the different
levels of abstraction.



take on. For example, a satellite object may take on
the states Take-Picture, Idle, Communicate or
Slew. This is a generalization of the idea that propositions
are either true or not true at any given instant. By declaring
the set of states an object can take on, the modeler also de-
clares a number of mutual exclusion constraints. That is, ob-
jects can be in only one state, and the set of possible states is
enumerated in the model. Notice how the semantics of nega-
tion are affected. In the example of the satellite domain, if a
satellite is not 1d e then by closure it must be in one of the
other states.

A state takes the form P(x;...z,) where P is a predi-
cate and x; are parameter variables. We will refer to the
additional variables op, sp and ep, the object, start and end
variables of the state. Extending the set of variables this way
makes it easy to post precedence constraints among states,
and also to make decisions about what object of a class of
objects takes on a required state. The constraint Py < P, is
implicitly understood to hold for all states. We view these
additional variables as being implicit parameters to all states.

Domain Axiomsprovide the means to explain states, as-
sert the conditions that states impose on plans, and de-
scribe the rules of state transitions. This is accomplished
using constaints on the variables of states. Domain ax-
ioms take the form: P(z;...z,) AG(X) — Q(yi..-y;)
ANH(Z) where X C {z;..z;} and Z C {z1...z;,y1..y5},
G is a set of conditions and H is a set of constraints. If a
state P is in the plan, then some other states must be in the
plan, and some constraints must hold among the variables
representing those states. Notice that the states that must
be in the plan are not necessarily new states; they can be
states established some other way. Thus, planners must de-
cide whether to reuse existing states or establish new state
instances. The conditions G allow us to specify that some of
the variables in P must take on certain values for the axiom
to apply. The constraints in H allow us to impose limitations
on the possible ground states Q that can be in the plan along
with P.

The conditions can be used to dictate the transitions
between states. Constraints can be posted among the
parameters to limit the legal sets of predicates as well
as imposing ordering constraints among the states in the
plan. As an example, suppose that in the satellite do-
main a Take-Picture can be followed by another
Take-Picture oran Idle state. The rules
Take-Picture(p,s)A eq(s,take-picture) —

Take-Picture(qg,t),eq(esp1, Stp2)
Take-Picture(p,s)A eq(s, idle) —

Idle(Q),eq(esp, si)
ensure these conditions hold.

Constraints are also a natural way to model both disjunc-
tive preconditions and conditional effects. For example, the
rules
Take-Picture(p,s)A eq(p,idle) —

IdleQ), eq(sep,ei)

Take-Picture(p,s)A eq(p,warmup) —

Warmup(Q), eq(sip,ew)
indicate that two possible preconditions can hold for a
Take-Picture action, either an Idle action or a
Warmup action. This easily enables back chaining from ex-

ogenous events.

Constraints also replace numerical expressions in PDDL
2.1. Let us consider the in-flight refueling model of Figure
3. This would be modeled in the following way: the action
Fly(s,i,c,y) A eq(s,refuel) —

Fly-and-refuel (t,7,d,b),
fuel-cons(sy,ef,i,c),

eq(,c), eqy,b)

computes the fuel consumption for the Fl1y action, which
determines how much fuel is available when the refueling
begins. We post equality constraints to ensure that the des-
tination of the original F1y operation persists in the new
action. The Fly-and-Refuel action looks similar:
Fly-and-Refuel (s,i,¢c,y) A eq(s,Fly) —

Fly(t7.77 d7 b) » fuel—prOd(Sf,ef,i,C) 1eq(j7 C) ,eCI(Z/: b)

In this case, we post the constraint that fuel is produced
instead of consumed, but otherwise the state axioms look
very similar.

Exogenous events are simply assertions that actions take
place ina plan. One way of thinking about exogenous events
is that they are simply a set of simple domain axioms that
always hold. Since they are volatile in the same way that
goals and initial states are, they properly belong in the initial
state file, It is very convenient, however, that we can express
them using the same underlying concepts that we use to ex-
press the domain axioms. Returning to the communication
windows example, we can express the assertion that a com-
munication window is in a plan as follows:
TRUE — Comm-Window()
and constraints that a communication window is followed
immediately by a closed communication window are written
TRUE —

Comm-Window(), No-Comm-Window(),

eq(ec; 5n)

Pros and Cons of a Constraint-Based
Representation

A number of aspects of PDDL 2.1 make it difficult to build
planners that work by means other than progression. For
example, suppose that a goal is to fly an airplane to a city,
but nothing in the goal specifies the remaining fuel. A pro-
gression planner can simulate the F1y action with the cur-
rent fuel and check for action success. However, a regres-
sion planner must figure out how to invert the functions in
the domain axioms to determine the minimum amount of
fuel needed to perform the action in the city of origin. Con-
straints make this easier, since they are simply relations on
the legal values of the variables. In a sense, however, this
moves the problem to the underlying support system to en-
force the relation correctly. However, this is not required.
Domains can be written that involve only successor state ax-
ioms, or only involve explanatory axioms. Thus, if a mod-
eler knows that only progression planning is needed, only
the successor axioms need to be put in the model.

As with PDDL, generic states can be introduced without
fixing the entity that takes on that state. Since this is just
another variable, it can be constrained just like any other
variable. However, as we said earlier, mutual exclusion is
enforced on objects as a part of the semantics of objects.
For PDDL, this must be done by other means, either using



hand-coded domain axioms or propositions or numeric ex-
pressions to simulate unary resources.

PDDL uses the STRIPS axiom to ensure that propositions
that are not negated persist in time. This is a little harder
to do using our framework. Since properties of objects are
manifested as parameters in the states, we need to ensure
they are propagated from state to state using equivalence
constraints, as we saw in the Fly-and-Refuel example.

PDDL actions can change the value of many propositions
at once. Synchronizing state changes using the concepts we
describe is also simple. We can write a rule that forces many
objects to change their states all ”simultaneously”.

An advantage of our approach over PDDL is that we can
write rules that require unconditional state changes. How-
ever, in some cases, we are actually forced to do so; an ex-
ample is “idle” states where we would like to persist some
state information.

We have eliminated explicit actions from our representa-
tion. Part of the reason for this is that, when states have dura-
tion, there is a blurring of the distinction between temporally
extended states and actions with duration. In many domains,
some properties that appear “static” are really "active”; a
spacecraft pointing at Earth is performing many functions in
order to do so, for example. Finally, some states may only
hold for a short time, as opposed to continuing indefinitely.
Since actions can be mimicked using parameters of states,
and since most propositional planners assume actions to be
instantaneous, we feel this imposes no great burden. As we
discuss later, actions can be introduced at the syntactic level
if desired. However, the underlying semantics is concerned
only with state transitions.

Extensions

How can the core be extended? We describe three principal
extensions: states with temporal extent, uncertainty, and dy-
namic domains. All of these extensions are very natural and
the fundamental concepts we have described above make it
easy to create languages that support these features.

State Duration and Metric Temporal Constraints

States can be extended to have duration, and constraints
then govern duration and the temporal relationship between
states. As an example consider the Take-Picture state.
Suppose its duration is 24 seconds. Then we have the fol-
lowing rule: Take-Picture(p,s)—

addeq(sip, 24, €1p)

States are now more properly called intervals Note that this
is a very natural extension given the representation described
previously; we merely add more constraints on the start and
end variables of states.

More generally, we can post any constraints in Allen’s
algebra. For example, consider the satellite domain in
which the Take-Picture state required the satellite to
be Stable for 5 seconds before and after the action. Con-
sider the domain description in Figure 1. Compare it to the
following:

Take-Picture(p,s)—
Stable(®), eq(s,t),
addeq(ss, —5, sT) ,addeq(eg, 5, eT)
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We can concisely express the constraint that a
Take-Picture state requires a Stable state that
”contains” it, and express the exact constraints that must
hold between the temporal variables of the states. Further-
more, we can also ensure not only that some state occurs in
the plan, we can ensure that it happens at a particular time.

If states have duration, we can no longer employ the
STRIPS axiom, States do not necessarily persist indefinitely;
we must write the successor axioms and frame axioms for
all states. However, this does not impose a serious burden
on the modeler in most cases. A domain axiom can indicate
that a particular state can last indefinitely, but their succes-
sors must be enumerated in case the state is terminated. For
example, consider the Idle state in the satellite example.
In the event that a state terminates, we must describe what
states can follow it. Termination is accomplished by assign-
ing or constraining the duration of the state. Defining suc-
cessors can be done a number of ways, but an easy way is
to use a parameter of the state to define the possible succes-
sors, then use conditions as we have described in previous
examples. The rules would look like this:

Uncertainty

Uncertainty can be added in several different flavors to ac-
commodate the needs of the domain. For example, in a con-
tingency planning context, one might only wish to provide
the set of possible outcomes. Those wishing a description
more like MDPs can provide probability distributions over
action transitions. If we revisit the satellite domain, we see
that the rules need to be augmented in these cases. Suppose
that trying to take a picture may fail because the shutter does
not open. We can do so by introducing a special set of world-
choice variables for each state, which are “set” by the world.
For example, suppose the Take-Picture action either results
in a Camera-Ready state or a Camera-Broken state, condi-
tional on an outcome, !o, which the planner has no control
over:

Take-Picture(p, s)

A eq(s,take-pic),eq(lo, ready) —

Camera-Ready() ,eq(ep, sr)
Take-Picture(p,s)

A eq(s,take-pic),eq(lo,broken) —

Camera-Broken() ,eq(ep, sp)

A richer representation of uncertainty allows us to spec-
ify a probability distribution over possible outcomes. We
can augment the above example by associating probabilities
with the different values of the outcome variable !o. Notice
we need only do this for successor state transitions, not ex-
planatory axioms.

A more complex task is to handle continuous probabil-
ity distributions over the outcomes of actions. Uncertainty
can be represented in terms of unknown values of variables.
For example, uncertainty over the start time of an event can
be expressed as an interval representation for the start-time
variable. Again, we must take care to distinguish between
uncertainty, where the world chooses, and temporal flexibil-
ity, where the agent chooses. More sophisticated represen-
tations can add probability distributions over values in the
interval. For example, if the Take-Picture action re-
sults in an uncertain amount of onboard storage use, we can



imagine extending the set of constraints to involve contin-
uous probability distributions as constraints over quantities.
Sensing actions can constrain the parameters of the distri-
butions, for example. However, the fundamental notion of
constraints over variables in the states still holds.

More importantly for software domains, we can repre-
sent uncertainty over the value of an object attribute, such
as the pathname or size of a file. Here we see a significant
advantage over propositional representations, because these
attributes have infinite domains; representing the possibili-
ties as a list of worlds is impossible. Instead, we leave the
domain of the variable open, to indicate that it could have
any value, or partially open, to indicate that it is restricted to
a particular subset of values.

In addition to uncertainty over the attributes, we can rep-
resent uncertainty over the objects themselves using the
same representation. It is not necessary to list all objects
that could exist in the world,; it is sufficient to represent the
actions that can discover new objects and dynamically in-
troduce new variables as needed to describe new objects as
they are discovered. We can represent sensors that return ar-
bitrary numbers of new objects by making the world-choice
variables !o universally quantified (Golden & Weld 1996;
Golden & Frank 2002).

Dynamic Domains

Dynamic domains arise both in the context of sensing, when
a new object in the world is detected, and object creation,
when an action in the plan leads to the creation of new ob-
jects whose states must be reasoned about. We can han-
dle sensing and object creation using a similar approach. A
newly created value is similar in most respects to a newly
sensed value, the differences being that, in the case of ob-
ject creation, the world changes and the planner has some
control over the outcome. We can represent a new object,
such as the output of a data-producing action, as a variable
whose value is a skolem function of the corresponding ac-
tion. As in the case of sensing, if the number of objects that
will be created is unknown (because it depends on an un-
known number of inputs, for example), we can represent the
effect using universal quantification, where one variable is
used to represent a set of objects.

A simple extension to the form of domain axioms enables
this. Recall that domain axioms can lead to the creation of a
new state for an object, if an existing state isn’t appropriate.
Thus, there is already precedent for constraints that hold to
justify the existence of a new state. We can extend the form
of domain axioms to enable the creation of new objects as
well. For example, consider the zip file creation action. Let
us suppose that the states a zip file can be in are 1dle,
Compressing, Uncompressing, Moving, and the
properties of interest of zip files are its size, whether or not
it is compressed (represented by a boolean) and its location.
We can write this as follows:

Zip(l,p) —

new Zip-File, ldle(m,s,c),eq(c,TFalse)

zipsizeof(s,p),eq(m,l),eq(s;ez)

The keyword new indicates that the zip file we are as-
serting properties of is created and is like the approach used
in (Golden 2002). The semantics of this can ensure that no
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state before the time of creation can be asserted. However,
we can also impose the usual constraints on the 1dle state
of the file, along with asserting the files initial size, location,
and compressed state.

Syntax

The fundamental construct we have used in the descriptions
above is that the presence of a state in a plan implies some
other states must exist, and that there are some constraints.
We can wrap these ideas in a number of convenient syntactic
constructs. We will describe a variety of these in this section.

We will begin with simple domains where states do not
have duration and metric temporal constraints are not used.
We can use syntax that posts ordering constraints on the
states directly:

P < Q and translate this into the constraints on variables. If
temporal constraints and states with duration are used, we
can use the Allen’s algebra names or other convenient labels
to express temporal constraints. In the case of the constraint
that the satellite must be stable while taking pictures, this
constraint is written

Take-Picture(p,s)—

contained-by[5][5] Stable(?)

Equivalence constraints can be posted by simply using the
same variable names in the parameter lists of the states.

For those who want to build models with a distinction
between state and action, this can be accomplished. Ac-
tions would depend on objects being in particular states, and
would ensure that some objects have new states. A sim-
ple transformation would augment each state with action pa-
rameters and the axioms can be rewritten to ensure that the
proper constraints are posted among the variables of differ-
ent states.

As we said previously, since properties of objects are rep-
resented by parameters of states, a mechanism is needed to
propagate values to states where they are involved in con-
straints. However, syntax can conceal these details from
the modeler. For example, objects can be created with a
fixed set of variables, and the states can use these variable
names in constraints. The underlying reasoning system can
then decide whether new variable instances are needed and
post the appropriate constraints. In the satellite domain,
Idle states normally would propagate the amount of data
in the onboard storage unit to the next Take-Picture or
Communicate state. However, the action need not name
the variable representing the data amount, and the underly-
ing system would simply use the variable representing the
last computed quantity in the constraint involving the next
state. Notice that this syntax is similar to the PDDL 2.1 syn-
tax, but with a different interpretation.

The astute reader will notice that, since mutual exclusion
is enforced on object states, that state machines or timed
automata are a good representation for many planning do-
mains. The transformation between these representations
and our fundamental language of states and constraints is
also very straightforward. Rules relating the states of differ-
ent objects are represented by synchronizations across dif-
ferent state machines.

As we said previously, domain axioms can be thought of
as implications that always hold. However, another way of



Idle —» Slew
Idle —)» Take—Picture
Idle — 3 Communicate

Figure 4: A simple state machine representation of the satel-
lite domain. The rules implied by the state machine appear
below the figure.

thinking about them is as partial plans. As such, we can as-
sert that actions take place and have constraints among their
variables, without deciding when they take place, or even
whether they are ordered or not. Syntax describing partial
plans can take a wide variety of forms.

Finally, resource declarations can be added to a language
to augment numerical constraints, enable technologies like
edge finding and envelope calculations, and to add descrip-
tive clarity to model definitions. With an explicit resource
declaration, we can replace axioms designed to enforce mu-
tual exclusion with a unary resource shared by many ac-
tions, as well as numerical expressions meant to simulate
resources.

For example, consider the case of a unary resource, sta-
bility, used by 5 different actions: three Take-Picture actions
(one for each of three instruments on a satellite), communi-
cation, and slewing. All the actions but the slewing action
require stability, and slewing makes the satellite unstable.
We might write this model as follows:

Resource unary stability
Take-Picture(p,s)—

uses Stability (s;—5,e;+5)
Communicate()—

uses Stability (s;ep)

Slew(Q—
uses Stability (s;ep)

Each state now declares how it uses the resource. The us-
age time can be constrained using mathematical functions of
the start and end times of the activity in any way the domain
modeler sees fit.

Now consider a mutli-capacity reusable resource such as
power. Resources now must declare their resource impact as
well as the time span during which the resource is affected.
As an example:

Resource multi reusable power 5
Take-Picture(p,s)—
uses power (s;—5,e;+5,5)

Finally, we consider renewable resources, where each ac-
tivity can consume the resource or produce the resource. In
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this case, we must allow for the possibility that an activ-
ity could change the resource in different ways at different
timepoints, in general.
Resource multi renewable power 5
Take-Picture(p, s)—

uses power (s;—5,5)

This looks quite similar to the declaration of a function
in PDDL, but there is an important difference: it is eas-
ier to understand that the resource is a complex, flexibly
scoped constraint that can be reasoned about as a single en-
tity. This simplifies modeling as well as revealing the rea-
sons for mutual exclusion of actions. The computational
burden is wholly shifted to the implementation, where it can
be efficiently handled in any way the implementer sees fit.
All of these declarations can be converted into simple arith-
metic constraints, or they could be used as the input to edge
finding, envelope calculations, or other sophisticated tech-
niques.

A final syntax issue is that of functional representations
versus object based representations. PDDL 2.1 uses a func-
tional representation, and allows objects to be passed as ar-
guments to functions. Other planning domain languages use
a notion of objects with attributes, where attributes can be
accessed using syntax that resembles that in object oriented
programming languages. Neither of these approaches is fun-
damentally incompatible with a constraint-based representa-
tion such as the one we have proposed. The two approaches
offer different representational transparency in the model
and in the way in which planners access the information,
but can represent the same things.

A Challenge for the Community

In this paper, we do not advocate a single planning domain
description language. Even though the fundamental con-
cepts we have described appear quite general and powerful,
it would be easy to create a single, very clumsy language
supporting many features using these concepts. However,
we believe that using these concepts as a starting point will
make it easier for language designers to extend the basic lan-
guage in a wide variety of ways and create good languages
for accomplishing many modeling tasks.

Several existing plan domain description languages make
use of some of the ideas presented here. Numerous lan-
guages have more flexible temporal representations (Jonsson
etal. 2000; Smith & Jonsson 2002), use constraints rather
than functions (Frank & Jonsson 2003), and use dynamic do-
mains (Golden & Frank 2002). All of these languages have
their pros and cons. Language designers should be sensi-
tive to the strengths and weaknesses of these languages for
the various purposes they are used for, and consider how
the language is likely to be used. The challenge for the plan-
ning community is not to search for one language that fits all
needs, but to search for the core elements of languages that
are most suitable for modeling different planning domains.
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Abstract

We describe a model-based planning representation, aimed
at capturing more efficiently the basic topological and struc-
tural properties of a domain. We specify the syntax of a
domain-modelling language based on the proposed repre-
sentation. We report the experimental results obtained with
a prototype system (called PMP, Pattern-Matching Planner)
able to represent and solve planning problems expressed in
this language. The performances of PMP on a set of five do-
mains are compared with those of a second planner, adopt-
ing the same search algorithm but using a classica STRIPS
propositional language. Preliminary results show a superior
performance of PMP on all of the chosen domains.

I ntroduction

During the past few years, the planning community has put
a significant effort into developing systems able to exploit
domain-specific knowledge to carry out a more ‘informed’
search (e.g., knowledge about the generic type and struc-
ture of adomain (Fox & Long 2001; 2002), control knowl-
edge and structure of desirable solutions (Bacchus & Ka
banza 2000)(Nau et al. 1999), heuristics (Hoffmann &
Nebel 2001)(Haslum & Geffner 2000), problem constraints
and domain invariants (Kautz & Selman 1999)(Gerevini &
Schubert 1998)). In spite of the leap in the scale and com-
plexity of the problems solved that this effort has produced,
current applications are till limited to narrow, well-defined
domains, and do not exhibit the flexibility and adaptability
that characterise human planners (Wilkins 1997)(Wilkins &
desJardins 2001). To alarge extent, the cause of this limita-
tion is the fact that, in addition to domain-specific know!-
edge, planning in the real world requires using common-
sense knowledge and reasoning (including reasoning by
analogy, abstraction, learning, and dealing with uncertainty
and incomplete knowledge), a type of inference which has
proven particularly hard to automatein all areas of Al.
Thiswork isguided by the hypothesisthat one of themain
factors preventing modern planning systems from carrying
out fast and effective common-sense reasoning (and, hence,
from scaling well to realistic domains) lies in their adoption
of inefficient problem representations. In particular, most

*Thiswork was partially supported by the UK Engineering and
Physical Sciences Research Council, grant no. GR/R53432/01
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current plannersrely on ‘ propositional’ domain descriptions
languages (e.g., STRIPS, ADL, PDDL and descendants).
Such formalisms are not always appropriate for modelling
real-world problems, particularly when these require a sub-
stantial amount of common-sense reasoning about spatial
and topological relations between objects. Indeed, even the
most recent versions of PDDL (Fox & Long 2003) require
the basic physical properties and constraints of the world
(e.g., thefact that an object cannot be simultaneously in two
different places) to be declared and/or dealt with explicitly.
The adequate encoding and exploitation of such constraints
turns out to be crucia for achieving good performancesin
large and realistically complex problems (e.g., see (Kautz &
Selman 1998)).

An dternative to adopting propositional (or ‘sentential’)
formalisms consists of using model-based (or ‘analogical’)
domain descriptions. In a model-based representation, the
world state is encoded as a data structure which is iso-
morphic to (i.e,, a model of) the semantics of the prob-
lem domain. For example, in their seminal work, Halpern
and Vardi proposed the adoption of a Kripke structure to
model the ‘possible-worlds' knowledge of a group of in-
teracting agents (Halpern & Vardi 1991). Because of their
isomorphism with the world state, a key feature of model-
based representations is their ability to implicitly embody
constraints that other representations must make explicit,
and, hence, to improve the efficiency of the reasoning pro-
cess (Myers & Konolige 1992). On the other hand, model-
based formalismstend to beless expressive and morelimited
in scope than propositional languages.

In this paper, we propose a model-based planning rep-
resentation, able to capture implicitly, more efficiently and
naturally the basic, common-sense structural and topolog-
ical constraints (expressing spatial and ‘containment’ rela-
tionships, respectively) of adomain. Although model-based,
the representation is sufficiently expressive to allow the en-
coding of asignificant set of domains, in which the planning
performances are notably improved.

The rest of the paper is organised as follows: first of al,
we delimit the class of domains included within the scope
of this investigation and describe the general features of the
new representation. Secondly, we specify the syntax of a
description language, which allows encoding domains using
asimplified version of the general representation proposed.



Thirdly, we discuss preliminary results obtained with a pro-
totype planner on a set of five domains, and conclude by
pointing out advantages, limitations and possible extensions
of the proposed approach.

A Model-Based Representation

The planning representation that we describe here has been
developed to alow the efficient and natural encoding of
object-rearrangement (or, simply, move) domains. These
can be defined as problemsthat require planning the changes
of position (location) of a finite set of objects on the basis
of their spatial and topological relations, subject to a set of
congtraints. The Tower of Hanoi (ToH) represents a pro-
totypical example of this class, in which the positions of a
set of objects (disks) have to be changed according to a set
of rules (constraining the movement of the disks). Other
examples of this class are the Briefcase domain, Gripper,
Blocksworld (BW), Grid, Logistics and Eight-puzzle. No-
tice, however, that although not explicitly of a ‘move’ na-
ture, some domains are isomorphic to (and can be treated
as) object-rel ocation problems. For example, if activitiesare
represented as objects, and locations denote time points or
intervals, then the problem of scheduling a number of tasks
over a given time period can be seen as that of re-assigning
toeach ‘object’ (activity) an appropriate‘location’ (start/end
time point), subject to various constraints. More in general,
any state change of an object can be modelled as a change of
position, given an appropriate reformulation of the domain.

The basic entities of our representation are ‘nodes’,
‘places’ and ‘edges’. ‘Nodes’ represent instances of the
types of (mobile) objects present in the domain (e.g., phys-
ical objects, agents, resources, etc.). ‘Places’ denote differ-
ent locations of the domain, and can be thought of as quali-
tatively distinct areas of space containing sets of objects. A
place can contain nodes, other ‘ sub-places’, or both. ‘ Edges
are pairs of places and nodes, and express spatial and topo-
logical relationships between them. An edge may ‘ connect’
two places, two nodes, or a place and a node. Nodes, places
and edges can be associated to unique labels.

The sub-places of a place are places themselves, and can
be used to define the internal structure of a place. A place
may be defined so that it is subject to specific restrictions,
limiting, for example, the type and number of nodes that it
can contain. The sub-places of a place may also be con-
nected by edges. A place containing no connected sub-
places will be caled ‘unstructured’. Nodes, places and
edges are defined using three separate type hierarchies, in
which the properties of atype are inherited by all of itsin-
stances and sub-types.

Figure 1.(a) shows an example of node and place hierar-
chiesfor the well-known Briefcase domain. Thetypes*“ OB-
JECT” and “PLACE” lie a the roots of the two hierarchies.
The place hierarchy specifiesthat a“Location” place will be
allowed to contain any number of nodes of type “OBJECT”
(i.e., instances of “Portable” or “Mobile”). A place of type
“Briefcase” can only contain “Portable” nodes.

11n general, one can see nodes as places required to be always
empty, or places as nodes which contain other nodes.
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OBJECT PLACE

. Location | | Briefcase
[Portabe] (mobite]| {OBXECT) | | {Portable) |
@
Home Office
(/B o D\\) o ™
( _____ Briefcasel
_FPe
(b)

Figure 1. Briefcase world: (@) type hierarchies, and (b) ini-
tial state for the “ Get-paid” problem

Figure 1.(b) contains a graphical representation of a pos-
sible encoding of a state in terms of places, nodes and
edges. Nodes are represented as (labelled) filled circles,
places are denoted by dashed ellipses, and edges are de-
picted as bold arcs (in this example, the edge hierarchy can
be assumed to contain only the root class “EDGE”). The
state represented in Figure 1.(b) corresponds to the set of
propositions {at ( Horre, B), at (Home, D), in(P),
at (Hone, P) },theinitial statefor the“ Get-paid” problem.
Nodes ‘P and ‘D’ are “Portable” objects (the types of the
various instances are not shown in the figure), whereas ‘B’
(the briefcase) is an instance of “Mobile’. Notice also the
presence of different types of places: ‘Home' and ‘ Office’
are instances of “Location”, while ‘Briefcasel’ is a place
of type “Briefcase”. The state contains a single edge, con-
necting node ‘B’ with place ‘Briefcasel’ and encoding the
association between the briefcase node and its contents.

As a second example, Figure 2 models the Blocksworld
domain. Part (a) of the figure describes node and place hi-
erarchies, according to which a “Cell” place is allowed to
contain up to one (‘[1]’) node of type “OBJECT", while a
“Stack” place can contain any number of “Cells’ as sub-
places. Part (b) shows a graphical representation of athree-
block problem. This example demonstrates the use of struc-
tured places and edges as place-to-place connectors. In par-
ticular, each of the three “ Stacks” S;-S; contains four con-
nected “Cells’, some of which contain a node. Although
in this example they are not connected, these three places
could, in turn, be linked by (possibly labelled) edges. The
nodes labelled ‘A’, ‘B’ and ‘C’ are instances of the type
“Block”, while the three nodes labelled ‘ T’ are of type “Ta-
ble”. Notice that such ‘T’ nodes refer to distinct objects
of the current state which do not need to be discriminated
a this level of the representation, and that have been as-
signed the same label. We will refer to this kind of objects
as generic instances of a type, in that they cannot be dis-
tinguished from each other, but can still be discerned from
other entities (even of the same type) having a unique name.
In this example, none of the internal sub-places or edges
have been associated to a unique label.
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Figure 2: Blocksworld: (a) type hierarchies; (b) graphical
representation of the state {On( A, Tabl e), On(B, O,
On(C, Table), Cear(A), Cear(B)}

Representing Change

Having described the basic elements of the state represen-
tation, let us move on to the definition of the formalism for
specifying the set of possible action schemata, necessary for
identifying the legal transformations of the state. In thisrep-
resentation, the world state is a collection of places, nodes
and edges. In general, any of these elements will be al-
lowed to be moved from their current position, or even to
be added to or removed from the state. However, nodes are
often the only mobile objects of the domain, while places
and connecting edges cannot be affected during plan execu-
tion and can be regarded asforming an underlying stationary
structure. For example, in Blocksworld, the internal cells of
the three stacks can be regarded as ‘fixed’ places, while the
blocks and the ‘table’ nodes can be moved from one place
to another (subject to appropriate constraints).

In this analysis, we assumed that the possible transfor-
mations of the state are limited to the movement of nodes
and places, while the edges connecting such entities remains
unchanged.2 When a node (or a place) moves, all edges
connecting it to other entities remain ‘attached’ to it, and all
contents of a place move with it. In addition, the movement
of places and nodes is restricted by the genera constraints
of the domain (e.g., number and types of nodes allowed in a
place) specified by the type hierarchies.

Consider, for example, the action schema ‘Put-in’ for
the Briefcase domain, illustrated graphically in Figure 3.(a).

2This implies that the initial number of entities — nodes, places
and edges — remains constant throughout plan execution.
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The left-hand side (preconditions) of the schema specifies
the situation holding in the two relevant (‘loosely’ con-
nected) places before the execution of the action. (Notice
that the absence of nodes in one of the places should not be
interpreted here as requiring such place to be empty — this
is clarified below). The right-hand side (effects) depicts the
same set of places and nodes after the action has produced a
new node arrangement.3

- — ey
_______ (@) Put-in T
Cox T
S =) Th
b)MoveB

Figure 3: Briefcase domain: action schemata

In general, the preconditions of an action may contain a
conjunction of ‘groups’ of connected places and nodes. An
action schema can be applied in astate S when each and ev-
ery one of the elements — places, nodes and edges — present
in its preconditions ‘ matches' (can be bound to) a distinct*
element of S, so that each precondition group is bound to a
(distinct) group in S having the same topological structure
(‘pattern’ of places and edges) and node arrangement. The
definition of ‘match’ is as follows: two types match iff one
is sub-type of the other; two instances match iff they are the
same instance (i.e., they have the same name); an instance
x and atype T' match iff z is an instance of 7', or z is an
instance of any of 1T"'s sub-types. A precondition group con-
sisting of a place containing n nodes matches any place (of
the appropriate type) containing at least n nodes (of the ap-
propriate type). For two edges to match, they must connect
matching entities. In summary, for an action to be applica-
ble, each of its precondition groups must ‘overlap’ with a
distinct part of the current state. In the previous example,
the preconditions of the Put-in operator contain only one
group, which is easily mapped to corresponding el ements
of the state shown in Figure 1.(b).

Figure 3.(b) contains the graphical representation of the
more interesting action schema ‘Move-B’, which allows the
movement of the briefcase from a location to another. The
preconditions of this action contain two groups, which must
be bound to distinct places of the state. For the action
schema to be applied correctly, node ‘x’ must be bound to

3The Take-out action schema can be obtained simply by reading
the Put-in operator ‘ backwards'.

*Notice that generic instances of a type still represent distinct
elements of the state.



an instance of “Mobile”, and the two places to (distinct) in-
stances of “Location”. If these constraints on the type of the
nodes and places were not enforced, these elements could be
bound to incorrect instances and lead to illegal moves (such
as moving a “Portable” node like ‘D’ directly across loca-
tions, or a “Mobile” (briefcase) node inside a “Briefcase’
place). Notice that the Put-in operator (and its mirror-image
Take-out) will also be subject to appropriate type require-
ments, although in this case the topological structure of the
preconditions and effects is sufficient to guarantee that the
application of the schema (in both directions) to a semanti-
cally correct state will always produce a correct state, even
when multiple briefcases are present.
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Figure 4: Blocksworld: ‘Put-On’ action schema

Finaly, consider the BW Put-on action schema, repre-
sented graphically in Figure 4. Let us assume the types
of the nodes ‘x’ and 'y’ to be, respectively, “Block” and
“OBJECT”, and al places to be of type “Cell”. Notice
the use of empty-set symbols in the preconditions, requir-
ing the two top cells to be empty. With reference to the
state depicted in Figure 2.(b), the first group of the precon-
ditions would match the cell containing ‘A’ (and the empty
cell immediately above), or, aternatively, the cell contain-
ing ‘B’ (andthe onejust above). Similarly, the second group
would match the same cells, and, in addition, the two cells
a the bottom of ‘S3’ (‘y’ is of type “OBJECT”). Hence,
this schema could be applied in the current state to move
‘A’ onto ‘B’ or vice versa, or either of the two blocks on
the table. Notice that for this action schemato beused in a
‘backward’ search, it would be necessary to require an extra
empty cell on top of the second group, in order to guarantee
that node ‘x’ (being removed from thetop of ‘y’) is‘clear’.

In general, the nodes, places and edges present in the ini-
tial state of aproblem are not necessarily preserved through-
out the plan execution: new objects can bedynamically ‘ pro-
duced’, existing objects can change their state or be ‘con-
sumed’, and relations between places might change as are-
sult of some of the actions. For example, in a ‘house con-
struction’ domain in which places represent the locations
that the workers can currently reach, the addition of a new
floor or of a new scaffolding will change the set of places
and the connections between them. Although such ‘non-
conservative' state transformationshave not been considered
here, the model could be easily extended to include a set
of primitive actions which allow the addition and removal
of nodes, places or edges (subject to appropriate precondi-
tions), enabling the representation of this type of dynamics.

A Prototype Language

In order to assess the effectiveness of the representation,
a prototype planner has been implemented. The domain-
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description language developed for the planner consists of
a restricted, ‘diagrammatic’ version of the formalism de-
scribed in the previous section. In particular, in the imple-
mentation, the internal structure of places is confined to be
aone- or two-dimensional grid of sub-places. Hence, places
can either be unstructured, or have their internal structure
equivalent to that of a matrix (or vector), in which cells are
considered as a collection of adjacent locations and are al-
lowed to contain up to one object (node).® Since nodes have
been represented simply aslabels, aplaceis a (structured or
unstructured) collection of strings.

A further simplification of the languageimplemented con-
sists of not allowing the use of connecting edges, which en-
code topological and spatial relationships. This restriction
is compensated in part by the possibility of placesto have a
predefined, fixed internal structure (which can be augmented
with aset of dedicated spatial relationship —thisis discussed
below in more details), and in part by the possible use of
identical names across hierarchies, which allows, for exam-
ple, a node and a place to be assigned the same label (i.e.,
to be somewhat connected). As mentioned before, dynamic
changes of the underlying topologica structure of the do-
main have not been allowed.

In spite of the limited expressiveness, this language still
contains most of the fundamental characteristics of the gen-
eral model, and alows a preliminary assessment of the va-
lidity of its basic assumptions. The language developed is
sufficiently flexible to be able to model naturally and effi-
ciently a small subset of the benchmark domains (including
BW, Briefcase, Miconic, Gripper and Eight-puzzl€), which
we used to carry out aset of experiments. The results of such
experiments are reported in the final part of this section. In
what follows, weillustrate briefly the syntax of the language
and its semantics, exemplifying the description with decla-
rations taken from the BW domain.

TypeHierarchies

The type hierarchies are declared using a syntax similar to
that of PDDL. To describe the syntax, we adopt the extended
BNF (EBNF) formalism, used in the original PDDL defini-
tion (McDermott et al. 1998):

<types-def>  ::=(:ObjectTypes <typed-list (name)>)
<types-def>  ::= (:PlaceTypes <place-type>T)
<typed-list (z)> = z* |t — <type> <typed-list (z)>

<place-type> = <name> {<type>[::<dimension>]}
<type> = <name> | (either <type>T)
<dimension> :=1|2

The pipe character (‘') indicates disunction (eg.,
<dimension> can be either ‘1’ or ‘2'). The category
<name> can be any string of characters, not necessarily be-
ginning with aletter. The ‘typed list’ isa parameterised pro-
duction that generates a (possibly empty) list of object-type
namesand ‘IS-A’ relations, using the minussign (“—") asin
PDDL toindicate a‘parent’ type. ‘obj ect ' and ‘pl ace’
are both predefined types, and ‘obj ect ’ is used as default

Notice that, for simplicity, the notion of ‘adjacency’ in two-
dimensionsisrestricted to vertical and horizontal pairs of cells.



terminator of any typed list. The optional parameter in the
place type declaration (surrounded by sgquare brackets) al-
lows the specification of the internal structure of a type of
place (array of one or two dimensions)®. In absence of such
parameter, the place type is assumed by default to be un-
structured. Asin PDDL, the ‘either’ construct allows an ob-
ject type to be defined as the union of several types. Below
is an example of type declaration for the BW domain:

(define (domain bl ocksworl d)
'(.:'Ooj ect Types bl ock table)
(: PlaceTypes stack {object::1})

)

Types ‘bl ock’ and ‘t abl e’ are declared (by default) as
sub-types of ‘obj ect’. Places of type ‘st ack’ will be
one-dimensional arrays (“::1”) of ‘obj ect’s. Notice that
this syntax does not allow the specification of an upper limit
on the number of elements contained in an unstructured
place, or on the number of ‘cellS composing a structured
place. Thatis, a‘st ack’ place (vector) could, at this paoint,
contain any number of cells, each one containing up to one
‘obj ect ’. The upper limit on the number of elements (or
cells) contained in a place will be determined at ‘run time',
by the specific problem instance.

Action Schemata

The following EBNF productions specify the syntax for the
declaration of an action schema:

<action-def> ::= (taction <name>
‘parameters (<typed-list (variable)>)
<body-def>)
<body-def> ::=:pre (<place>*)
:post (<place>*)
<place> = <name> { [<relation>] <object>"}
<object> 1= <variable> | <emptySpace>
<variable> 1= <name>
<relation> =% |/|+ |
<emptySpace>::= _

Theaction declaration consists of aunique name, alist of pa-
rameters, and lists of ‘pre’- and ‘post’ -conditions (effects).
The parameters are names of variables, coupled with the re-
spective types. The pre- and post-conditions consist of lists
of place types, each containing as argument alist of parame-
tersand, possibly, ‘empty spaces’. The empty-space symbol
(") is used in the preconditions to require the presence of
empty cellsin structured places, or to require the availability
of ‘space’ for an object in non-structured ones.

For an action to be applicable, al the elements present in
the preconditions must be bound to appropriate elements of
the current state, as explained earlier on. Notice that all the
places listed in the preconditions must be in a 1-1 mapping
with those listed in the postconditions, following the order
in which they are listed. In addition, the number of objects

5Notice that unlike square brackets, which are meta-symbols,
curly brackets are terminal symbols of the language being defined.
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present in each place must remain constant”. Below is an
example of ‘Put-on’ action schemain Blocksworld:

(:action Put-on
:paraneters (x y - block)
:pre (stack {x _ } stack {y - })
:post (stack {. _ } stack {y x })

This declaration can be easily mapped to the graphical repre-
sentation of Figure 4. By default, the elements listed inside
astructured place are interpreted as being required to be ad-
jacent (i.e., to occupy adjacent cells). Thus, blocks ‘x’ and
'y’ are guaranteed to be ‘clear’ by the presence of an empty
cell adjacent to them.® The two ‘st ack’ places listed in
the preconditions are mapped to the two places listed in the
effects, in the order specified. The content of each cell of a
structured place listed in the preconditions (identified by a
parameter or an empty space) is replaced with the object oc-
cupying the same position in the postconditions, following
the order in which the objects are listed. For example, the
cell containing the object that gets bound to parameter ‘X’
will end up containing an empty-space (* '), and the (cur-
rently empty) cell adjacentto 'y’ will contain ‘x’. Elements
specified in a non-structured place cannot be required to be-
long in any specific spatial relationship.

In order to require more complex spatial relationship
to hold between elements contained in a structured place,
the language has been endowed with a set of (optional)
<relation> symbols, representing a limited version of the
more general feature of labelled edge. These symbols can
be used inside structured placesto require that a certain spa-
tia relationship, different from that of adjacency, hold be-
tween the specified elements. For example, ‘+" indicatesthat
the elements that follow can be (with respect to each other)
“anywhere within the place”; ‘<’ means “anywhere on the
samerow”, ‘3’ means “anywhere in the same column”, and
‘I requires that the two following elements be located in
adjacent cells of the same column (the last two relationships
are only needed for two-dimensional arrays). The chosen set
of relationshipsis by no means complete, and can be easily
extended with other, more complex, ones. An example of
usage of these relationships is demonstrated by the Miconic
(elevator) domain description, reported in Appendix A.

Initial State and Goal

We use an actual initial state and goal declarationsfor a spe-
cific BW problem (the * Sussman anomaly’) to illustrate in-
formally the syntax adopted for describing initial state and
goal. The correct formalisation can be easily inferred from
this example and the EBNF rules used earlier for the types
and actions declarations:

"An ‘empty space’ istreated as a special type of object.

8This assumes that all the ‘bl ock’ objects will be arranged in
the ‘st ack’sso asto have aways at most one empty cell adjacent
to them, which represents the space on ‘top’ of them — e.g., see
Figure 2.(b).



(define (probl em Sussman)

(: domai n bl ockswor | d)
(:hjects AB C- block T - table)
(:Places s1 s2 s3 - stack)

(:init
s1 [TAC._]
s2 [T B__]
s3[T_-_-_1)
(:goal

stack {C B A})
)

Notice the similarity between the declaration of the initial
state and the graphical representation shown in Figure 2.(b).
In the declaration of the initial state, the contents of a struc-
tured place are delimited by sgquare brackets, indicating the
actua ‘start’ and ‘end’ of the array. Hence, the declaration
implicitly specifies the maximum number of required cells,
and the exact position of all the objects and empty spaces
(‘) within them. For unstructured places, the contents will
be delimited by curly brackets (as for normal sets), and the
declaration will specify the contents and the maximum num-
ber of objectsthat a placeis ableto contain.

A goal is syntactically equivalent to a precondition list.
It consists of a ‘conjunction’ of places required to contain
specific sets of objects (nodes), possibly subject to specific
spatial relationships. The conditionsfor achieving agoal are
analogous to those required for the application of an action
schema a goal g is achieved in a state S when all groups
specified in g can be bound to distinct groupsof .S, such that,
for each placeof g, all the elementscontainedin it match dis-
tinct elementsin the corresponding place of S (which satisfy
the same spatial relationships, if appropriate).

In goals— like in action preconditions— the objects listed
inside a structured place are required to occupy consecu-
tive cells of the place, in the same order specified. How-
ever, the ‘pattern’ of objects specified can be placed any-
where within the place. More formaly, if L is a type of
structured place, and z1, s, . .., z, are objects, the goal
L{zizy...x,} requires an instance of a place of type L
to contain the listed objectsin any n consecutive cells, such
that (z1,x2), (z2,23), (x3,24), - - ., (xp_1,z,) aredl pars
of adjacent elements. Thus, for example, for a state S to
achieve the goal of the *Sussman’ problem presented ear-
lier, it must be the case that S contains a place of type
‘stack’ inwhich (‘C','B’), and (‘B’,'A’) are pairs of ad-
jacent elements. Two examples of stacks of four cells that
satisfy such requirementsare‘ [TCB A]’ and‘ [CBA _]'.

Experimental results

Ideally, the evaluation of the efficiency gain (or loss) re-
sulting from the adoption of a new domain representation
—let us call it ‘o’ — with respect to another (propositional)
representation, ‘' 5’, could involve the following four steps:
(1) measuring the performance of a state-of-the art plan-
ning system adopting 8 a on a select set of problems; (2)
‘switching’ the domain representation to «; (3) measuring
the performance of the system on the same set of prob-

lems; (4) comparing the results. However, this method of
assessment presents several drawbacks. The first one con-
cerns the fairness of the evaluation in itself. After more
than three decades of research based almost exclusively on
propositional domain-modelling languages, planning algo-
rithms have become more and more sophisti cated and geared
towards purely sentential descriptions. Infact, one could say
that their efficiency results mainly from their ability to ex-
ploit some of the inherent properties of such representations.
Taking a state-of-the-art planning system, designed specifi-
caly for propositional descriptions, and simply ‘switching’
its representation into a completely different one (assuming
that thisis possible) would not produce a system ‘ compara-
ble’ with the original one. Indeed, the new formalism might
beincapable of replicating some of the particular techniques
upon which the propositional planner might rely for achiev-
ing good performances. At the same time, new, different
reasoning modes may become available in the new repre-
sentation, which could lead to gains in performance. How-
ever, modifying the algorithm to take advantage specifically
of such features would lead to the implementation of an en-
tirely different system, not comparablewith the original one.

The second methodological issue concerns the actual
value and feasibility of the assessment. Even assuming that
a specific system can beidentified such that all of its sophis-
ticated search mechanisms can be correctly ‘trandated’ in
the new representation, what would be the significance of
an evaluation carried out on such a specific case? The re-
sults would not apply to all planning algorithms, not even to
those adopting the same propositional language. In addition,
replicating correctly all of the various features of the plan-
ner in the new representation would require a considerable
effort, and would till leave a margin of uncertainty on the
soundness of the outcome.

The above considerations suggest that a fair evaluation
should be based on a very simple, ‘primitive’ planning al-
gorithm, in which the few mechanisms at the basis of the
search can be encoded in a straightforward manner in both
representations. One possible candidate that immediately
springs to mind is the original STRIPS planner. However,
athough old and inefficient, STRIPSis quite acomplex sys-
tem; obtaining, understanding and modifying the original
software, written more than thirty years ago, did not seem
avery practical approach.

Therefore, in order to assess the value of the new repre-
sentation, we decided to build two simple prototype plan-
ners, adopting exactly the same search engine (atraditional,
uninformed, breadth-first forward state-space search), but
differing in the way they represent domains and prob-
lems. The first, propositional planner (which we called
‘PP") adoptsaclassical (typed) STRIPS representation. The
second planner (which we called ‘PMP’, Pattern-Matching
Planner) adopts the ‘diagrammatic’, simplified version of
the general model-based representation described in the pre-
vious section. The two planners were developed using the
same programming environment and language (Java), and
wererun on the same machine. We tested the plannerson the
same problems for the five chosen domains (BW, Gripper,
Miconic, Eight-puzzle and Briefcase). In carrying out these



Table 1: Time taken (in sec.) by PP and PMP for solving

Blocksworld problems with four, five and six blocks.

BW-n-problem instance (n = no. of blocks)
Planner | BW-4-0 [ BW-4-1 | BW-5-0 [ BW-6-0
PP 0.52 1.50 7.43 144.42
PMP 0.08 0.44 0.34 1.60
PMP(b) 0.19 054 2.13 36.23

experiments we hoped to demonstrate that: (1) PMP actu-
ally produced correct solutions; (2) its performances were
at least ‘comparable’ with those of PP. The very first results
that we obtained were encouraging: in the four BW prob-
lem instances used, PMP was not only producing correct
solutions, but also performing much better than PP, with a
speed-up factor varying from more than three to as much as
ninety times faster (see thefirst two rows of Table 1).

We reasoned that such difference in performance had to
do with the fact that the specific representation of BW in
PMPisimplicitly constrained. For example, in PP the space
available on the table is not limited; hence, at any point of
the search, any block on top of another can be put on the
table. By contrast, in PMP the problem representation is
limited to three stacks.” Hence, many of the moves which
are possible in the standard propositional representation are
no longer availablein PMP, which can avoid exploring them.
This significantly prunesthe number of possible pathsin the
search space. In order to evaluate the performance of PMP
without this ‘inherent’ advantage, we added to the descrip-
tion of the problems a number of redundant empty stacks,
so that the total number of stacks equalled the total number
of blocks. This ‘evened up’ the number of possible paths
in the two representations, as the space available on the ta-
blein PMP was now sufficient to allow the same number of
moves as in the propositional representation. We repeated
the same experiments, adding five extra problems to the set
of tests (all taken from the benchmark problems used in the
AIPS 00 International Planning Competition). The new re-
sults for PMP on the original four experiments are reported
in the last row of Table 1 (labelled ‘PMP(b)’), while the re-
sultsfor the complete set of instancesare plotted in Figure 5.

As expected, the presence of the redundant stacks caused
aloss in performance, evident from the comparisons of the
PMP and PMP(b) data. However, PMP still took signifi-
cantly less than PP to find the same (shortest) plan in all of
the problems. Figure 5 shows that the increasing difficulty
of the problems produces (exponentially) bigger differences
in performance in favour of PMP. One possible explanation
for this speed-up may be that the problem representation in
PMP s still more constrained than the propositional one. In
other words, many of the search paths that are considered in
PP may be redundant or non-feasible, and are completely ig-
nored in PMP. For example, the ground action-schemata in
PP may contain duplicate or unadmissable instances (e.g.,

9The problems had been chosen so that three stacks were suffi-
cient for finding the same optimal solution found by PP.
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move a block on top of itself) that are implicitly avoided by
PMP's object-based representation.
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Figure 5: Blocksworld: results for PP and PMP planners.

In order to further investigate the effectiveness of the rep-
resentation, we carried out experiments on four other do-
mains — namely, Gripper, Miconic, Briefcase and Eight-
puzzle. The results are plotted in Figures 6, 7, 8 and 9,
respectively. In Figures 6 and 8 the problems have been or-
dered by increasing PP-time; notice that the sum of the two
numbers identifying each problem increases monotonically.
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Figure 6: Gripper domain. Problem instance ‘m-n’ consists
of two rooms, containing respectively m and n balls.
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Figure 7: Results for the Miconic domain. All problems
contain four floors (except for problem (a), which hasthree).
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Figure 8: Briefcase domain. Problem instance ‘m-n’ con-
tains one briefcase, m locations and n portable objects.
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Figure 9: Eight-puzzle domain.

Being confined to a small set of domains not randomly
chosen from the entire population, these results cannot be
assumed to form arepresentative sample from which general
conclusionscan bedrawn. However, albeit preliminary, they
demonstrate the effectiveness of the proposed approach, and
giveaclear indication of the performanceimprovementsthat
the new representation can yield (with respect to a standard
propositional representation) in the context of move prob-
lems.

Related work

One of the few recent works adopting a model-based view
to planning is that of Giunchigliaand Traverso (Giunchiglia
& Traverso 1999), who treat planning as a model-checking
problem. Their approach is more abstract and general than
the one proposed here: the representation is not based on a
model structurally isomorphic to the world, but on a graph
(FSM) representing the possible states in which the world
can be and the possible transitions between them. Although
more general, this representation fails to implicitly capture
the spatial and topological constraints of the domain.
Inthework of Cestaand Oddi (Cesta& Oddi 1996), plan-
ning is seen as the problem of deciding the behavior of a
dynamic domain described as a set of state variables subject
to constraints. This view can be seen as complementary to
the approach taken in this work, as it is based on the idea
of representing a domain as a set of possible state changes,
instead of possible object moves. However, once again, the
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representation is not capable to implicitly embody the topo-
logical and structura constraints of the problem.

The object-centred domain-description language (OCL)
developed by Liu and McCluskey (Liu & McCluskey 2000)
alows modelling adomain as a set of objects subject to var-
ious constraints. The idea of an object-based representation
is, in many respects, analogous to that of a model-based ap-
proach. However, OCL does not alow the specification of
the spatial features of the domain; hence, some of the con-
straintswhich areimplicit in the proposed model still haveto
be explicitly declared in OCL (e.g., the fact that if an agent
holds an abject, thelocation of the object must coincidewith
that of the agent).

The work of Long and Fox (Long & Fox 2000) on the
abstract structure of domains and generic typesis also rele-
vant in this context. Long and Fox have developed domain
analysistechniqueswhich allow the automatic detection and
exploitation of generic types of objects (such as mobiles and
portables) in a domain, given its propositiona description.
In essence, the move problems considered here can be seen
as generalizing and combining two of the abstract classes
identified by Long and Fox (namely, those of ‘transporta-
tion’ and ‘ construction’ domains).

An earlier example of work integrating model-based and
propositional representations is the hybrid problem-solving
system of Myers and Konolige (Myers & Konolige 1992).
Myers and Konolige proposed aformal framework for com-
bining analogical and deductive reasoning. The system they
implemented could reason about ‘ diagrammatic’ structures
isomorphic to the current world state. However, the system
did not allow the model to undergo any change during the
reasoning process, and, hence, could not be used to solve
planning problems. In addition, the efficiency of the repre-
sentation was not evaluated against that of a propositional
language through a comparative study, as it has been done
here. The latter approach and other related ones fall within
the area of ‘ diagrammatic reasoning’ (Glasgow, Narayanan,
& Chandrasekaran 1995), and are particularly relevant to
the simplified, diagrammatic version of the representation
which was used in the experiments.

Discussion
In this paper we have introduced and assessed a new plan-
ning representation, able to capture more efficiently the ba-
sic topological (containment relationships between places
and objects, or objects and objects) and structural (spatial
relationships between places, or internal structure of aplace)
properties of a domain. In addition, we have described the
syntax of a specific domain-description language, represent-
ing asimplified version of the general model proposed. The
performance of a prototype system (PMP) on a subset of
five domains has been compared with that of an equivalent
propositional planner (PP), adopting an identical planning
algorithm but using a STRIPS domain-description language.
The results show that PMP is superior to PP on all of the
chosen instances of problems. We believe that the speed-
up of the PMP planner is the result of the ability of the new
representationto (1) capture naturally and implicitly some of
the basic, common-sense physical constraints of the domain,



and to (2) organizein appropriate structures the relevant en-
tities of the domain, allowing more efficient reasoning about
the obj ect-rearrangement aspects of the problem.

The adoption of a simpler, model-based, spatially-
structured representation that allows effective common-
sense reasoning also enables new reasoning modes, which
can support easier and more efficient learning, heuristic-
extraction and abstraction techniques. For example, it is
easy to see that the graphical description of the action
schemata shown in Figures 3 and 4 could be inferred au-
tomatically using machine-learning and image-processing
techniques. In addition, the use of edges as node-to-place
connections can easily support abstraction: a group of ob-
jects contained in the same place (or attached to the same
object) can be represented as a single entity, alowing the
system to abstract away from the details of the parts and en-
abling abstraction to take place at different levels.

The use of amodel which replicates the spatial and topo-
logical aspects of the real world also provides the planner
with an implicit guidance on the ordering of subgoals. Con-
sider, for example, the * Sussman anomaly’ problem in BW,
presented earlier. A propositional description of the prob-
lem does not provide a priori information on the order in
which the two subgoals {(On A B),(On B C) } must be
achieved. By contrast, in the proposed representation, the
goal-pattern G = st ack{C B A} allows regressing a new
goal G' inwhich ‘A’ has been picked up from the top of ‘B’
(by reversing step Put-on(A,B)), but does not permit the re-
gression of asituation in which ‘B’ has been removed from
thetopof ‘C' (viastep Put-on(B,C)). Infact, consider the ac-
tion schema Put-on(z,y): its effectsinclude leaving block x
‘clear’. While goal G makes no requirements on the content
of the cell to the immediate right (read ‘top’) of ‘A’ (which
may thus be assumed empty), the cell to theright of ‘B’ is
currently occupied by ‘A’. This preventsz from being bound
to ‘B’. Hence, a backchaining planner would be (correctly)
forced to begin with addressing subgoal (On A B) —i.e,
to execute Put-on(A,B) asfinal step.

Finally, adomain-model linglanguage (such asthe onede-
scribed earlier) based on the proposed representation has a
straightforward graphical interpretation, and, hence, should
result more intuitive and easier to use for the non-experts;
this, together with better performances, is expected to fa-
cilitate the take-up of Al planning technology and its wider
application to the real world.

The proposed representation, however, is also limited in
several ways. Perhaps its most obvious weakness is the
fact that it does not offer any means for describing the non
spatial or topological aspects of a domain (such as time or
metric quantities), which, on the other hand, could be mod-
elled using a propositional language. However, the approach
described here should be seen as representing the extreme
of a continuum of possible domain-modelling languages, in
which propositional and analogical aspects of adomain can
be present in different degrees. One of the future directions
of thiswork consists of extending the representation to allow
the use of propositional expressions. A more expressive ver-
sion, for example, could allow nodes to consist of complex
objects, having an internal (static or dynamic) structure and
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properties. In such an extended model, the action precon-
ditions could require the attributes of the specified objects
(such as size, color, shape, etc.) to satisfy specific (qualita-
tive or quantitative) constraints.

In conclusion, the results of thisinvestigation demonstrate
the potential benefits of the proposed representation, and
motivate further work on model-based planning formalisms
and on their use in conjunction with current propositional
paradigms. This paper lays the foundationsfor future devel-
opmentsin this direction.
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Appendix A
A.1-Miconic domain description

(define (domain mconic)
(: Obj ect Types person lift)
(: PlaceTypes buil ding {object::2}
lift {person})

(:action board
:paraneters (P - person L - lift)
:pre (building{< L P} lift{ _})
:post (building{ L _ } lift{P})
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(:action depart
:paraneters (P - person L - lift)
cpre (building{< L - } lift{ P}
:post (building{ L P} lift{ _1}

(:action nmove-up
:paraneters (L - lift)
cpre (building{/ L _})
:post (building{/ - L})

)

(:action nmove-down
cparaneters (L - lift)
:pre (building{/ - L })
:post (building{/ L -}

A.2—Miconic problem instance

(define (problemmc-01)
(: domain m coni c)

(:Objects AB CDE - person
If - lift)
(:Places bd - building If - lift)
(:init bd [ [ AB_]
[If D__]
[- - C-11
't {-_)

(:goal bd [ [IfA__]
[- D-C]

[- B--1]1
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Abstract

We discuss an application of planning to data processing, a
planning problem which poses unique challenges for domain
description languages. We discuss these challenges and why
the current PDDL standard does not meet them. We discuss
DPADL (Data Processing Action Description Language), a
language for describing planning domains that involve data
processing. DPADL is a declarative, object-oriented lan-
guage that supports constraints and embedded Java code, ob-
ject creation and copying, explicit inputs and outputs for ac-
tions, and metadata descriptions of existing and desired data.
DPADL is supported by the IMAGEbot system, which we
are using to provide automation for an ecological forecast-
ing application. We compare DPADL to PDDL and discuss
changes that could be made to PDDL to make it more suitable
for representing planning domains that involve data process-
ing actions.

1 Introduction

Earth-observing satellites return terabytes of data per day,
providing global daily coverage across multiple spectral

bands at a variety of resolutions. These observations can
be used in countless ways: to monitor changes in Earth’s cli-

arc.nasa.gov

have developed a planner-based softlsatftjvare rdoot),
called IMAGEDbot, to generate and execute data-flow pro-
grams (plans) in response to data requests. The data-
processing operations supported by IMAGEbot include im-
age processing, text processing, managing file archives and
running scientific models. Some aspects of the planner are
described in (Golden & Frank 2002).

In the course of developing IMAGEbot, we considered
available domain description languages, especially PDDL,
for representing data processing actions, but found them un-
suitable. We discuss the features of these domains that are
problematic for PDDL and the changes to the PDDL that
would be needed to handle them. To deal with these issues,
we developed a new language called DPADL, for Data Pro-
cessing Action Description Language. We considered bas-
ing our language on PDDL, which is attractive in that it has
become a standard for much of the planning community, but
decided instead to base the syntax on a different widely-used
language: Java. This decision was driven by practical con-
siderations, such as our desire for the language to be usable
by software developers, the appropriateness of an object-
oriented language to describe the complex data structures
that arise in data-processing domains, and the fact that Java

mate, assess the health of forests and farms, and track criticalis the language that both TOPS and IMAGEbot are written

short-term events, such as severe storms. However, doing all
this in a timely manner is a significant challenge, which will
require greater levels of automation. To go from raw “level
0" satellite data to high-level observations or predictions
such as “decreased vegetation growth” or “high fire risk” re-
quires many data-processing steps, from filtering out noise
to running simulations. There are often many data sources
to choose from, and many ways to process the data to pro-
duce the desired data product. These choices involve trade-
offs along many dimensions, including data quality, tempo-
ral and spatial resolution and coverage, timeliness, CPU us-
age, storage and bandwidth.

We use planning technology to automate this data pro-

cessing. We represent data-processing operations as plan-

ner actions, descriptions of desired data products as plan-

ner goals, and use a planner to generate data-flow programs®

that output the requested data. We are working with Earth
scientists to provide planner-based automation to an eco-
logical forecasting system called the Terrestrial Observa-
tion and Prediction System, or TOPS (Nemahal. 2002)

(http://lwww.forestry.umt.edu/ntsg/Projects/TOPS/). We
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in, to name a few.

In the remainder of the paper, we discuss language fea-
tures relevant to representing data-processing domains, how
those features are implemented in PDADL, and what issues
there would be in including those features in PDDL.:

e First-class objects (Section 2): Data files often have com-
plex data structures. The language should provide the vo-
cabulary for describing these structures.

e Constraints (Section 4): Determining the appropriate pa-
rameters for an action can be more difficult than determin-

ing which action schemas belong in the plan. Parameter
values can depend on other actions or objects in the plan.
The language should provide the ability to specify such

constraints where they are needed.

Integration with a run-time environment (Section 4):
Sensing and acting in a complex software environment
requires “hooks” into that environment, both to obtain in-
formation and to initiate operations.

Metadata goals (Section 5) and inputs (Section 7): The
inputs and outputs of data-processing plans are data, so



the language should be expressive enough to describe re-means that the type@ile corresponds to the Java class
quested and available data . Since a data file contains in- tops.modis.Tile. As we discuss in Sections 4 and 6.4,
formation about past states of the world, metadata should the agent can manipulate Java objects in the course of con-
be able to describe how the content of the data depends straint reasoning or action execution by executing in-lined
on the past state of the world. Java code.
Alternatively, when there is a small number of instances
- : : of a type, we can define it by listing all possible instances.
e e oo 2 Thi s Sl (0 enuerated (ypes n C/C++, b wihou
provide a way of describing such operations. the restriction to integral valuésLlst]ng values in thisway
) . is useful for constraint reasoning, since the domain of a vari-
e Data-flow plans (Section 8): Since the purpose of plans aple corresponding to such a type can be initialized with the
is to process data, they should take the form of data-flow set of possible values.
programs, in which outputs of one action are fed into in- .
puts of another. static type ImageFormat =
{ "IpG" , "GIE" , "TIFE" , "pNG" , "YCR" , . } H

e Object creation and copying (Section 6.3): Many pro-

At the end of each section, we present a BNF grammar
covering the language elements described in that section.
For example, the top-level production rule for a domain _
description is: static type ProjectionType =

{LAZEA=11, GOODE_HOMOL=24, ROBINSON=21, ...};

Like classes in C++ and Java, types can have attributes. For
example, file attributes include pathname and owner:

As in C/C++, enumerated values can have symbolic names
attached to them.

DOMAIN = (TYPE | FUNCTION | ACTION | GOAL
| STATE | <INLINE_CODE>)+ <EOF>

where symbols irsmaLL CAPs are non-terminals, symbols
in <ANGLE_BRACKETS> are terminals, and keywords are
underlined.

type TFile extends Object {
static key Path pathname;
User owner;

2 First-class objects y

Data files (and other entities in a software environment) The keywordkey is used to indicate thatathname is a
typically have a complex, hierarchical structure, which can ynique identifier for a file, so two files that have the same
be described in terms of object composition. Representing pathname must in fact be the same file. This is not correct

these data structures explicitly as first-class citizens not only if we access files on multiple machines, in which case we
makes domains simpler to encode and understand, but pro-should use the host machine as an additional key.

vides valuable information to the planner. Thus, we decided In addition to the Subtype relation, designated using

that DPADL should be an object-oriented language. Al- extends , we can specify that one tyjplements  an-
though the identification of objects and object attributes is other, meaning it inherits all the attributes of the other type
important, an object-oriented syntax, such as our Java-basedpt js not an instance of that tyBeThis is useful in cases
syntax, is less so; the same information could be expressed\yhere two objects share the same structure but cannot be
in a PDDL-style relational syntax, just not as concisely. used interchangeably. For example, a file archive, such as a
_ DPADL allows the definition of new types correspond-  tar file, contains records that reflect all the properties and
ing either to structures (objects) or primitive types, such contents of individual files, but are not themselves files.
as integers or strings. The keyword for introducing a new \we say thatrarFile.Record implements File. This
type declaration isype . Here and elsewhere in the paper, s especially useful when used in conjunction witipyof
DPADL textis rendered inypewriter font, and keywords  (section 6.3), since a record in a tar file can be a copy of a
arebold . We use ellipses (.) to indicate that text has been  fjle, or vice versa.
omitted for the sake of brevity. For example, When referring to an attribute of an object, we use a
static type Filename extends String Java-like syntax. For example, filename refers to the
filename attribute of the object represented by the vari-
introduces a new typegilename, which is a subtype of able £. Attributes can take arguments. For example,

String, a predefined type. The predefined types iare, pic.pixelValue (x,y) refers to the value of the pixel at
unsigned, float, String, Object andboolean. The key- the x,y coordinates of the imagec. Although the syntax
word static  means that no instance ®f lename, once resembles that of Java method cafl$xelvalue (x,y) iS
created, can ever be chandedh type that is not static is  simply a parameterized attribute, and can be used in exactly
fluent . the same contexts. For example,
Subtypes ofobject may be used to represent Java ob- ——M ———
jects. For example, 2In PDDL, all types other than numbers are effectively enumer-
ated types, since all objects of each type must be explicitly de-
static type Tile extends Object clared. Since the Closed-World Assumption is not at all reasonable
mapsto tops.modis.Tile for data processing domains, DPADL does not impose this require-
- ment.
1This is a departure from the Java meaning oft ic. 3This is a departure from the Java meaningmflements.
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pic2.pixelValue(x,y) = picl.pixelValue(y, x+5);

describes an effect that transposes an image to the left by 5
pixels.

The object-oriented notation is convenient, but not essen-
tial. Any object description can be translated into an equiva-
lent relational form by translating each attribute description
into a relation in which the first argument is a reference to
the object, the second argument is the value of the attribute,
and the remaining arguments are the arguments of the at-
tribute. From the example above, we would define a PDDL
relation (pixelValueR ?image ?pvalue ?x, ?y). Additionally,
the action descriptions or domain axioms would need to be
modified to enforce the fact that

e Two objects are equal if and only if their key attributes are
equal and

e An attribute can have only one value, so (pixelValue
IMAGE-56, BLACK, 10, 10) is mutually exclusive with
(pixelValue IMAGE-56, ?v, 10, 10), for all 7% BLACK.

Alternatively, we could provide additional syntax to convey
the same information while maintaining a relational repre-
sentation, as was done in the SADL language (Golden &
Weld 1996).

Explicitly identifying objects is not just useful to the
domain developer, but also to the planner. For example,
the planner can reduce search by exploiting the fact that
attributes of static objects don't change once the object
is created. Additionally, Section 6.3 discusses the role
attributes play when objects are copied.

TYPE ::= (static| fluent)? type
((<IDENTIFIER>_= { MEMBERS } )
| (TYPESPEC)) (TYPEBODY | _; )

MEMBERS ::= ((<IDENTIFIER> _= )? LITERAL)
(_,  MEMBERS)?
TYPESPEC ::= PRIMTYPE | ( <IDENTIFIER> extends
TYPENAME
(implements TYPENAME )*)
(mapsto <CLASSNAME>)?
TyPpEBoDY ::= { ( MEMDEF | CTRSPEC | TYPE)* }
MEMDEF ::= (static | fluent )? key? TYPENAME
<IDENTIFIER>
(PARAMS )? (MEMBODY | _; )
MEMBoDY ::= { (CTRSPEC)* }
PRIMTYPE ::= int | unsigned | float | String |
Object | boolean
TYPENAME ::= <IDENTIFIER> | PRIMTYPE
QUALTYPE ::= TYPENAME (_. <IDENTIFIER>)*

3 Functions and relations

The object-attribute notation is just a special case of a func-
tional notation, which DPADL also supports. Functions, like
types, may be static or fluent. The value of a fluent function
changes over time, whereas the value of a static function
does not. For example,

fluent float temp(float 1lon, float 1lat);
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declares a function that takes two real values, representing
longitude and latitude, and returns a real value representing
the temperature at that location. Functions, like attributes,
may have zero arguments, in which case the parentheses are
omitted. For example,

fluent Date currentDate;

specifies thaturrentDate is a fluent function taking no
arguments.

Functions over objects have been mentioned as a possible
future extension to PDDL (Fox & Long 2003). While that
would make it easier to describe data-processing domains in
PDDL, we should note that functions in DPADL are merely
a notational convenience; they allow us to avoid explicitly
stating the mutual exclusions to specify that, for example,
a file can have only one size, but semantically they are no
different from relations in which one of the arguments is
restricted to a single value. In particular, they do not play the
same role that functions play in first-order predicate logic.
DPADL does not support domain axioms, which could be
used to generate an arbitrary number of object references
through repeated function composition.

To indicate that a function is undefined for particular
arguments, we use the keywondll to represent invalid
values. The type ofiull is a subtype of all types, but

null  will not match any value except itself.

FUNCTION 1= (static| fluent) TYPENAME
(<IDENTIFIER>
| <OPERATOR>) ( ( PARAMS? ) )?
(i I{ (CTrRSPEC)*} )

PArRAMS 1= (PARAMDEF (_, PARAMS)?)

| :rest PARAMDEF

PARAMDEF ::= QUALTYPE <IDENTIFIER>

4 Constraints

In data-processing domains, we need to be able to express
thresholds, intervals over space or time, mathematical func-
tions, and more complex calculations. In DPADL, these are
all represented using constraints. PDDL supports numeric
functions, which are used to specify how quantities change
over time. PDADL constraints can serve the same role, but
are more flexible; they can perform arbitrary calculations or
sense information from the environment. However, they are
also more limited than PDDL functions, in that they cannot
represent and reason about quantities that change continu-
ously over time, such as fuel (Fox & Long 2003).

Formally speaking, a constraint is simply a relation that
holds over a set of variables, so we could view any functions,
object attributes or types as constraints. However, thus far,
we have only shown how tdeclarefunctions, attributes and
types, not (with the exception of enumerated types) how to
definethem. To reason about constraints, we need defini-
tions, not just declarations. For example, consider the fol-
lowing declaration.

float  foo(float x);

Given the value of, we know there must be some vaklie-
foo (x), but we have provided no way to determine what that
value is. Viewingfoo as a constraint is valid but pointless.



We provide two alternative ways of specifying the defini- The attributeuniqueld is declared as key of a (mosaic)
tion of a constraint; it may be selected from a library of pre- Tile, meaning there is a one-to-one mapping between tiles
defined constraint definitions or defined in terms of arbitrary and their unique identifiers. Given a tile, we should be
Java code embedded in the type and function declarations. able to obtain its unique identifier, and given a unique iden-
The constraint reasoning system supports constraints overtifier, we should be able to obtain the corresponding tile.
all primitive types as well as Java objects. It can also handle The embedded Java code provides instructions for perform-

constraints involving universal guantification, as discussed
in (Golden & Frank 2002).

Constraint definitions can only be given for statics. Any
function defined as a constraint must be determined only by
that constraint; no action may affect it. This restriction pro-
vides a clear division of labor between causal reasoning and
constraint reasoning.

4.1 Type constraints

Formally, a type is a unary relation that is true for all in-
stances of the type and false for all non-instances. But in
the type declarations of Section 2, we did not define what
those relations were. It is fine to saylename extends
String, but given a String, how do we know if it is a valid
filename?

One possibility might be to defingilename as an enu-
merated type; that is, we list all valid filenames. The obvious
problem with this is that there are, for all practical purposes,
infinitely many of them. A better option is to specify a reg-
ular expression that concisely specifies all valid filenames:

Filename extends
Matches (true

static type
constraint

}

String {
this "~ [/14");

r r

ing these mappings. TheniquelId attribute of aTile can
be determined by calling thg=tUID method on theile,
and aTile object corresponding to a givemiqueId can
be determined by calling the methddndTile, with the
uniqueId as an argument. The text preceding thé is

a “signature” specifying the return value and parameters of
the following Java code. The keywowdlue refers to the
value of the attribute being defined, in this case queId.
The keywordthis refers to an object of the type being de-
fined, in this caseile. Thus,value (this ) means that
given an object of typgile, we can obtain the value of
theuniqueld attribute by executing the following Java code
(delimited bys$). Converselythis (value ) means that
given auniquelId, we can find the correspondirgle.

The above constraint will only be enforced if there is a
singleton domain for some tile or ID variable. It is also pos-
sible to define constraints that work for non-singleton do-
mains, by indicating that an argument or return value repre-
sents an interval (delimited by]) or a finite set (delimited
by {}). For example, one attribute offale is thatitcovers
a given longitude, latitude. Given a particular longitude and
latitude, the constraint solver can invoke a method to find a
single tile that covers it, but it can do even better. Given a
rectangular region, represented by intervals of longitude and
latitude, it can invoke a method to find a set of tiles covering

means that filenames must contain at least one character, andhat region.

they cannot contain the charactégf.* In Unix, this is, in
fact, the only practical limitation on filenameSatches is
a constraint from the constraint library requiring a string to
a match a regular expression. All string constraints are ac-
tually defined in terms of operations on regular expressions,
so Matches is, in a sense, the simplest. The keywusd
designates an instance of the type being defined, in this case
a filename.

Constraints can also be defined in terms of inlined Java
code, as discussed in the next section.

4.2 Attribute constraints

We can define attributes as constraints as well. One reason
for doing this is to suppomprocedural attachmentspecify-

ing program code that provides the definition of the attribute.
For example, if we have a DPADL object that corresponds
to a Java object, we must specify what methods to call on
the Java object to determine the values of the attributes as
declared in DPADL.:

static type Tile extends Object
mapsto tops.modis.Tile {
key String uniqueld ({
constraint {
value (this )
this (value )

}

Sthis  .getUID()$;
$Tile.findTile (value )s;
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boolean covers (float float

constraint {

lon, lat) {

/I returns the set of tiles covering

/Il a given lon/lat range.

{this }([lon], [lat], d=day, y=year,
p=product, value )

= {$ if (value)
return  tm.getTiles (lon.max,
lat.min,
lon.min,
lat.max,
d, vy, p)i
else return null i S);

}
}

In this example, the signature is more complicated.
{this } (...) means that the return value of the Java code is
a set (specified by...}) of Tiles (specified bythis ). The

first two arguments, lon and lat, are surrounded by, in-
dicating that the variable domains should be intervals. The
next three arguments, d, y, and p are defined as being equal
to the Tile attributes day, year and product, not shown in
this example. Finallyyvalue is the boolean value of the
covers relation, true if and only if the tile covers the speci-
fied lon/lat.



The Java code is also more complex. Unlike the previ-
ous example, it has a conditional and an explicit return call.
If value is true, then it returns the result of the method
getTiles. Since lon and lat are intervals, we refer to their
maximum and minimum values to specify the bounding box
of interest. Ifvalue is false, it returnswull , meaning the
set of tiles could not be determined, since there is no method
for returning the tiles outside of a bounding box.

4.3 Function constraints

Functions, like attributes, can have constraints associated

with them, the only difference being that the constraints can-
not reference the keywottlis , because there is no object
to reference. Infix mathematical operators are also func-
tions, and they can be defined for any type, using a syn-
tax similar to that used for C++ operator overloading. For
example to specify that the-* operator can be used to con-
catenate strings, as in Java, we can write

static ~ String  operator+ (String  si,
String  s2) {
constraint Concat (value , sl, s2);

}

where Concat is a constraint from the constraint library,
specifying that the first argument is the concatenation of the
remaining arguments.

4.4 Restrictions

Minimum requirements on the inlined code used to define
constraints are:

1. The code may not do anything other than calculate the
domain of a variable and return it. That is, it may not

have any side-effects.
. If the code is called multiple times with the same argu-

5 Goals

Goals are used primarily to describe data products that the
system should produce. Data product descriptions should
specify at least the following:

¢ Data semantics: the information represented by the data.
That is, what facts about the world can be inferred from
the data contents.

e Data syntax: how the information is coded in the data.
For example, what pixel values in an image are used to
represent the information.

e Time: what time the information pertains to. For exam-
ple, we need to be able to distinguish between rainfall last
week and rainfall last year.

Time is an optional argument of all fluents. The mapping
between semantics and syntax is specified using the key-
word when. For example, to request a file that contains
gridded temperature values over a particular region, using
the LAZEA projection and a particular mapping (tempEn-
coding) from temperatures to pixel values, we could write:

forall int x, int y, float 1lon, float 1at,
float t;
when (tempEncoding (temperature (lon, lat)) ==t

&& proj(LAZEA, x, y, lon, lat)
&& 0 <= x < MAXX && 0 <=y < MAXY) {
file.pixelValue(x, y) == t;
}

We will call the expression inside the parentheses following
the keywordwhen the left-hand side (LHS) of the goal, and
we will call the expression in the braces the right-hand side
(RHS).

A key aspect of DPADL is that all data descriptions are
purely causal; we describe how the data content of the file

ments, it will always return the same calculated domain. ¢5,531ly depends on the (earlier) state of the world. An ad-
This requirement precludes using constraints to represent anage of this representation is that standard temporal pro-

values that change during the course of planning.

. If the domains corresponding to one or more of the ar-
guments is reduced, then the calculated domain will be a
subset of the original domain.

If these requirements are not met, then the results are
undefined. With them, we can view each constraint as some

jection techniques can be used to to determine how a succes-
sion of data-processing operations affect the data content of
the final output.

A when condition describes an implication, but an impli-
cation between conditions that hold at two different times.
The LHS implicitly refers to the time the goal is posted (un-
less an earlier time is specified), and the RHS refers to the

unknown relation and the procedures as sensors that provideg, 5| state (whenever the goal achieved). Because the agent

limited information about the extension of the relation.

CTRSPEC constraint ( <IDENTIFIER>

(ARrRGs) _; )|{ (JavaCTrR)+1})
( CTRARG CTRARGS _=
<INLINE_CODE> ; )
| ([ CTRARG ] CTRARGS
[ <INLINE_CODE> _,
<INLINE_CODE>] ;)

| ({ CTRARG } CTRARGS _=

{ <INLINE_CODE>} _; )
<IDENTIFIER> | value | this
(CTRARG |[ CTRARG] |{ CTRARG})
(_=_ADDITIVE)?

(CTRARG2[_, CTRARGS])

JAVACTR

CTRARG
CTRARG2

CTRARGS

63

cannot change the past, the only way to achieve the goal is
to make sure the RHS is satisfied, subject to the conditions
given by the LHS.

More formally, awhen goal can be be described as fol-
lows. Letsy be the initial state and IeX be the set of
states indistinguishable frosy consistent with the agent’s
knowledge in the initial state (i.e., the set of all possible
worlds). Lettt be a plan consisting of a sequence of ac-
tions, and letdo(1t,s) be the state reached frogby exe-
cutingTt. The goalwhen(®(X)) {W¥(X)} is achieved by if
YRVse Z((sf P(X)) = (do(m,s) E W(X))).

The only formal difference between conditions in the LHS
and conditions in the RHS is the time that they refer to,
but this provides a sufficient foundation for describing data



goals, since the important characteristic of data is that it
stores information about the past. Thus, we use temporal
goals to describe how the past information of the world de-
termines the future content of the data:

e The semantics of the desired data (e.g., temperature) is
specified in terms of fluents in the LHS of the goal, be-

cause it concerns properties of the world that hold when
the goal is specified (or earlier), properties that are not

affected by the agent in pure data-processing domains.

The data syntax (e.g., pixelValue) is specified in terms of
static predicates in the RHS, because it concerns prop-
erties of data that may not exist at the time the goal is
given, properties that must be affected by the agent to
produce the requested data. Optionally, predicates de-
scribing syntax could also appear on the LHS, to rep-
resent goals of converting file formats, etc. For ex-
ample, we might specify a goal of making all the red
pixels in an image bluewhen (input.color == RED)
{output.color BLUE; }

Constraints (e.g.p) <= x < MAXX) are specified in the
LHS of the goal because, being static, they must hold in
the initial state and cannot be affected by the agent. Since
variables involved in constraints can appear in the RHS,
this is not a practical limitation.

To use these conventions in PDDL, we would need to
extend PDDL to specify goals that refer to an earlier state of
the world in addition to the final state. PDDL 2.1 can refer
to time, but only the start and end times of actions. It would
also be necessary to relax the CWA, if these domains are to
be remotely interesting.

GOAL = goal <IDENTIFIER> (_ PARAMS? ) {
( (output | forall | exists) PARAMS
. )*ORExP}
OREXP ::= CONDEXP+ ( CONDEXP+ )*
CONDEXP ::= (when ( ANDEXP) { CONDEXP*}
(else{ ConDEXP*} )? ) | EQUAL _;
ANDEXP ::= EQUAL (_&& (EquaL))*
EQUAL = RELATION ((_== | _!= ) RELATION
)*
RELATION = ADDITIVE ((_< |_> | _<= |_>=
) ADDITIVE )*
ADDITIVE = MuLTIPL ((_+ | _- ) MuLTIPL )*
MULTIPL = UNARY ((_* | / | _% ) UNARY)*
UNARY = (_+ |_- |_1 )? PRIMEXP
PRIMExP ::= (_ANDExP) | ( FUNEXP | this)
(_. FUNEXP)*| LITERAL
FUNExP ::= <IDENTIFIER> ((_ ARGS) )?
LITERAL = <INTEGER_LITERAL>
| <FLOATING_POINT_LITERAL>
| <CHARACTER_LITERAL>
| <STRING_LITERAL> | null
| true | false
ARGS = ADDITIVE(_, ARGS)?

6 Actions

Actions can include data sources (which provide data
based on the state of the world) and filters (which provide
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data based on their inputs), so preconditions and effects
describe inputs and outputs as well as the state of the world.
Additionally, actions must be executable, so the procedure
for executing an action (i.e., Java code) is part of the action
description.

ACTION action <IDENTIFIER> (_ PARAMS ) {
(( input | forall) PARAMS _; )

| (output OUTPUTS _; )

| PRECOND | EFFECT | EXEC )* }
PARAMDEF (copyof <IDENTIFIER>)?

(_, OuTPUTS)?

OuUTPUTS

6.1 Inputs, outputs and parameters

As in PDDL (McDermott 2000), actions are parameterized,
and parameters are typed. In addition to ordinary parame-
ters, two kinds of variables are recognized as unique and are
treated somewhat differently; namely, inputs and outputs.

Outputs represent objects (e.qg., files) generated as a result
of executing the action. An output does not exist before the
corresponding action is executed, and is always distinct from
all other objects.

Inputs represent objects that are required by the action
but are not required to exist after the action has been exe-
cuted. Inputs may come from outputs of other actions or
they may be preexisting objects. In the former case, all pre-
conditions describing attributes of a given static input must
be supported by the same action, since only one action can
have produced the output, and once it is created, no action
can change it.

Ordinary parameters are essentially like the parameters
passed to method or function calls in C or Java; they refer to
primitive values or objects that may exist before the action
is executed and may persist afterward.

In addition to parameters, inputs and outputs, actions can
refer to universally quantified variables and introduce vari-
ables corresponding to new objects with trev keyword,
discussed in Section 6.3.

To extend PDDL to handle input and output parameters,
it would be necessary to allow for object creation (which re-
quires a dynamic universe), and to allow the values of certain
variables to be unbound at planning time, provided it can be
proven that they will be bound at execution time.

6.2 Preconditions

Preconditions describe the conditions that must be true of
the world and of the inputs in order for the action to be ex-
ecutable. Thus, action preconditions need to reference the
input variables and the prior world state, but cannot refer-
ence the output variables, which describe objects that don't
exist in the prior state.

Low-level actions, such as filters, can be described purely
in terms of the syntactic properties of the input files. For ex-
ample, an image-processing operation doesn’t care whether
the pixels of the input image represent temperatures in Mon-
tana or a bowl of fruit. All that matters are the values of the
pixels. Thus, the preconditions for these actions should re-
fer only to properties of the data that hold in the prior state.
Similarly, simple sensors (data sources) depend only on the
immediate state of the world, so their preconditions should



only refer to conditions of the world that hold in the prior
state.

However, some high-level actions, such as ecological
models, expect their inputs to represent certain information

about past states of the world, such as temperature or pre-

cipitation, so it is appropriate for the preconditions of these

actions to specify the information content of their inputs, not

just the structure. The descriptions the information content
of these inputs will be in terms of states other than the prior
state. For example, an ecological model might require a
file containing temperature data from last Tuesday. In other
words, preconditions, like goals, can include metadata de-
scriptions, which are described in exactly the same way, us-
ing the keywordvhen.

The LHS of awhen precondition, like the LHS of a goal,

RHS of any effect. This means that actions cannot change
the world except by creating objects (e.g., files) that satisfy
certain conditions based on the current (or past) state of the
world. This restriction could easily be lifted, allowing us to
describe arbitrary planning domains, but imposing it allows
the use of specialized planning algorithms that take advan-
tage of unique properties of pure data-processing domains.
An alternative would be to run a simple preprocessor that
checks whether a domain is a data-processing domain and
runs a specialized planner if it is.

Every atomic RHS expression involves setting the (pos-
sibly boolean) value of a function or attribute or creating a
new object. A static attribute can only be set if it is an at-
tribute of a newly created object. Since we restrict predicates
on the RHS of effects to static predicates, that means all that

refers to past states. The RHS, however, rather than referring actions can do is produce data; they cannot change the world

to the final state, refers to the start of execution of the corre-
sponding action. Conventions for describing data inputs in

or alter preexisting data.
For example, to describe a threshold action, which sets

preconditions are the same as the conventions for describing output pixels to either BLACK or WHITE, depending on

goals: The LHS specifies the semantics of the data file and

whether the corresponding input pixels are below or above a

the RHS specifies the syntax. Any constraints must appear given threshold hresh, we can write:

in the LHS.

Preconditions are introduced with the keyword
precond , and introduce a condition, which may be
disjunctive.

[ PRECOND ::= precond OREXP |

6.3 Effects

Effects, introduced with the keyworffect , are used to

describe the outputs generated by an action. Outputs depend

on the state of the world (in the case of sensory actions) or
the inputs (in the case of filters), so effects need to be able

to reference both the prior state and next state and both the

input and output variables.

| EFFECT effect (WHENEXP )+ |

Conditional effects Like goals and preconditions, condi-
tional effects are introduced using the keywavben, but
here the LHS refers to the prior state (and input variables),
not the initial state. The RHS describes the next state and
output variables, so the combination of the two describes
how the output depends on the input (or on the state of
the world). This is no different than conditional effects in
PDDL.

As with goals, there are conventions for describing data
effects.

e data sources are described using conditional effects, in
which conditions on the LHS are either constraints or flu-

ents describing the state of the world and conditions on
the RHS are statics describing the syntax of the output

data.

Filters are described using conditional effects, in which
conditions on the LHS are either constraints or statics de-
scribing the syntax of the input data, and conditions on the
RHS are statics describing the syntax of the output data.

In order to restrict the language to only describe data-

action threshold (unsigned thresh) {
input Image in;
output Image out copyof in;
forall unsigned x, unsigned y;
effect when ((x < in.xSize)

&& (y < in.ySize) {
when (in.valueAt (x, y) <= thresh) {
out.valueAt (x, y) BLACK;
} else {
out.valueAt (x, y) = WHITE;

}
}
}

The keywordelse has the same meaning as in C or Java.
The keywordcopyof is explained below.

WHENEXP ::= (when ( ANDEXP) { (WHENEXP )*}
(else{ (WHENEXP)*} )?)
| CONSEQNT

CONSEQNT = ASSIGNMNT | NEwDECL

ASSIGNMNT = CFuN(_. CFuN)*(_=_
(EQUAL | NEWEXP))? _;

CFuN = <IDENTIFIER> ((_ CARGS) )?
CARGS = (ADDITIVE | NEWEXP)

(, CARGS)?

Object creation and copying Output variables implicitly
describe newly created objects, but it is sometimes neces-
sary to explicitly refer to object creation in action effects.
For example, an output may be a complex object, such as a
file archive or a list, with an unbounded number of complex
sub-elements. Since each of those sub-elements is (possi-
bly) newly created, we need some way of describing their
creation. We do so using the keywardw.

Additionally, newly created objects may be copies of
other objects, possibly with minor changes. Listing all the
ways the new objects are the same as the preexisting ob-
jects can be cumbersome and error-prone, so we would like

processing domains, we do not allow fluents to appear on the to simply indicate that one is a copy of the other, and then
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specify only the ways in which they differ. We do so using
thecopyof keyword.

Suppose we have an action whose input,is a collection
of JPEG files and whose output;t, is a new collection, in
which the files from the input are compressed with quality
of 0.75.

forall Image orig;
when (in.contains (orig)) {
out.contains
(new Image copyof orig {
quality = min(orig.quality, 0.75); });
}

When an object is copied, all attributes of the original ob-
ject are inherited by the copy, unless explicitly overridden.
For example, the new Image is identical to the original in
every way, except in quality, which is set to 0.75. Note that
this is one way in which attributes of objects are different
from other relations on objectdn.contains (orig) is an
attribute ofin, but not an attribute ofrig, so afterorig

is copied,in.contains (copy) is not true but, for example,
copy.format JPEG is true.

The copy and the original need not be the same type, as
long as they inherit from or implement a common parent
type. All attributes common to both types are copied.

Formally, we can describe new objects as Skolem func-
tions of the actions, inputs and quantified variables that they
depend on.The semantics ofopyof can be specified in
a manner similar to Reiter’s solution to the frame problem
(Reiter 1991).Let a be an action with an effe¢hew T n
copyof i,” and letp represent an attribute common to the
type ofi and type T. Leh = sk(a, i, V) be a Skolem function
of actiona, inputi and variables appearing im. We will
write p(n) to designate the value of the attribyg®f object
n. Let M2 be the precondition of actioa, let do(a,s) be
the state reached by executing acteoim states. Without
loss of generality, assume that for each possible valok
attribute p, there is a single conditional effect of the form
“when (y‘F’)(n)(a)) {n.p = v;}" If ahas no direct effects

concerningp(n), theny‘é(n)(a,s) is false for allv. If a un-
conditionally set9(n) = x, theny?)(n)(a, s) = true. Because
the effects ofa are assumed to be consistqr&h)(a, s) can

be true for at most one value of

The successor state axiom fofn) is:

a B v ity (@)

M%(s) = p(n,do(a;s)) = { p(i) otﬁ(e)rwise
That is, assuming is executable?(s)), the value ofp(n)
aftera is executed i if a has an effect that sets it to
Otherwise, it is the value gb(i). A similar axiom must be
given for each attribute common betweeamdn.

The advantage otopyof is purely syntactic, since
it could be replaced by a large number of conditional
effects, one for each attribute of the object being copied.

that “persist” are actually copied from one object to another.
Using conditional effects would also make it harder for a
planner to distinguish effects that result in progress toward
some goal from those that simply propagate a condition
from one file to another. Although this could be determined
using domain analysis, that would be making life harder
for both the planner and domain modeler with no apparent
advantage for either.

NEwDECL new QUALTYPE <IDENTIFIER>

(copyof <IDENTIFIER> )?

(. (ATTRIBUTES )*} )| ;)
new QUALTYPE

(copyof <IDENTIFIER>)?

(({ ATTRIBUTES *} )| 5 )
FUNEXP (EQuAL _;

| NEWEXP)

NEWEXP

ATTRIBUTES

6.4 Execution

The action descriptions include instructions for actually ex-
ecuting the action. These instructions are written in Java,
which enables us to write actions that correspond to any op-
eration that can be performed by the Java runtime environ-
ment, including invoking methods on objects or making sys-
tem calls. All parameters and inputs corresponding to Java
objects or primitives may be referenced in the Java code, and
outputs must be initialized.

We pose the requirement that the results of execution
are accurately reflected by the stated effects of the action.
There is, of course, no way to verify this requirement, but
that’s the case for execution in any planning domain.

[ExEec exec <INLINE_CODE> _, |

7 States

A typical component of planning problems is a specification
of the “initial state,” from which the goal must be achieved.
In PDADL, a significant amount of state information is com-
municated through the execution of inlined code during con-
straint reasoning, which can be used to “query the world”
to determine the current state. However, static state infor-
mation is also useful, especially metadata descriptions for
stable data sources. The language provides the ability to
define multiple named states through #tate keyword.
States may be thought of as dumbed-down actions that have
no preconditions and can only be “executed” in the initial
state. As with goals, metadata descriptions are specified us-
ing thewhen keyword. As with goals, the LHS can refer to
the current state or earlier, but the RHS refers to the current
state, not the final state. The conventions for describing the
semantics and syntax of data are the same as they are for
goal descriptions.

The RHS of metadata state conditions can only contain

However, since the number of attributes can be quite large, static predicates describing the data and the LHS can only
the reduction in the size and apparent complexity of action contain fluents and constraints. Recall that the LHS of goals
descriptions can be substantial. This is exactly analogous could contain static predicates, which allowed us to express
to the advantage of the STRIPS assumption as a solution to goals that relate the contents of one data file to the contents
the Frame Problem, in that we avoid specifying conditions of another. Metadata formulas in the initial state can only re-

that stay the same. The only difference is that the properties late data contents to the current or past state of the world. A
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consequence of this restriction is that the predicates appear-Since we are restricting our consideration to pure data-

ing on the LHS are completely disjoint from the predicates
appearing on the RHS.

In addition to metadata, state conditions can also include
unconditional fluent literals describing simple facts such as
the names and locations of files.

STATE = state <IDENTIFIER> {

(forall PARAMS _; )
| WHENEXP )+ }

8 Plans
A DPADL planis a triple< A/, 4, C >, where/Al and 4 are

processing domains, we can ignore “sibling” subgoal clob-
bering. Actions only create new objects; they don’'t change
the world or existing objects, so there is no opportunity for
parallel branches to interact with each other. Note also that
there is nothing preventing us from having multiple I/O links
coming in to a single input, providing redundant ways of
producing that input. At execution time, the agent will need
to choose which to use, but deferring this choice to execu-
tion time can provide flexibility and robustness, since some
data source may be unavailable, late, or of poor quality.

9 Conclusions and Related Work

a set of nodes and arcs in the form of a directed acyclic graph We have described DPADL, an action language for data pro-
(DAG). The nodes represent actions. The goal is representedcessing domains, which is used in the IMAGEbot system.

as a node with only incoming arcs, and the initial state is
represented as a node with only outgoing arcs. Araecq

is a tuple< p,0p,C,ic >, in which p € A( is the producer

or source nodegy is an output variable op, ¢ € A is the
consumer or target node ands an input variable of. We
refer to the arcs i as “I/O links,” because they link the
output of the producer to the input of the consumeris

a constraint network, which is a triple V,D,C >, where

V is a set of variables appearing in actiams A/, D is a

The parser for the language, and a planner that supports the
language, are fully implemented, and the whole system is
fully integrated with the TOPS ecological forecasting sys-
tem, which is under ongoing development; IMAGEbot can
sense, plan and act in the TOPS domain.

We have compared DPADL to PDDL and discussed some
of the reasons PDDL is not suitable for data processing do-
mains. Of these, the most important are that it relies on the
CWA, provides no support for inputs, outputs and object cre-

set of domains of those variables, representing their possible ation, and is very limited in the kinds of constraints that can

values, and is a set of constraints, each of which defines a
relation on some subset of the variable¥in
A plan is valid if

o All of the variables invV corresponding to action param-
eters are grounded (i.e., have singleton domairn)jrC
is solved. See (Golden & Frank 2002) for a discussion of
how the constraint network is solved.

o All of the constraints corresponding to goals or precondi-
tions are irC.

e Each inputi, of each actiom € A has a corresponding
arc < p,op,n,in >, such that the constrain{ =op is in
C and every precondition (excluding constraints) associ-
ated withip, is supported by. A disjunctive precondition
is supported if one of the disjuncts is supported, a con-
junctive precondition is supported if all of the conjuncts
are supported, and a precondition of the fdmmnen (P)
{y},” where ¢ is a literal and® is conjunctive, is sup-
ported byp if

— Itis a constraint irC or

—®dEuyor

— There is a corresponding effeéawhen (@) {Y'}" in
p, such thaty = g,* subject to the constraints i@,
and eitherd = @' or the subgoalWhen(®) {d®'}" is
supportecbr

— There is no effectwhen (@) {Y/}" in p, such that
Y Ewory | -y, but there is an effe¢ivhen (")
{op copyof ip},” where iy is an input ofp, and the
subgoalwhen () {Y{in/ip}AP"}" is supported.

e Each precondition not associated with any input is true in
the initial state.

4Entailment can be determined using unification.
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be expressed. These problems could be addressed by less
radical changes to the PDDL language. Some features, such
as the use ofvhen expressions in goals and the initial state
and quantification over potentially infinite sets, are neces-
sary for describing data processing on a causal level. We
have found this low-level causal representation quite con-
ducive to planning, since standard planning techniques can
be used to correctly reason about the result of chaining mul-
tiple data-processing actions together. With a more abstract
representation, paradoxically, more effort would be required
of the domain designer .

DDL, the language used in the Europa planner (Jonsson
et al. 2000), the descendent of the Remote Agent planner
that flew on-board Deep Space One, supports constraints
and rich temporal action models. In fact, the constraint rea-
soning system we use was taken from Europa. DDL sup-
ports a limited ability to create new objects, but not as a
consequence of action execution. DDL domain descriptions
are quite different from those of either PDDL or DPADL.
Rather than describing actions in terms of preconditions and
effects, DDL uses explanatory frame axioms. That is, for
every condition that could be achieved, the domain designer
must specify how to achieve it, listing all actions that could
support it and other conditions that must be satisfied. DDL is
also timeline-based and makes no distinction between states
and actions. While these may be good design decisions for
spacecraft domains, they are not appropriate for data pro-
cessing domains.

DAML-S (Ankolenkaret al. 2002) and WSDL (Chris-
tensenet al. 2002) are languages for describing web ser-
vices, both based on XML. DAML-S is the more expres-
sive, allowing the specification of types using a description
logic and allowing one to specify preconditions and post-
conditions, which might be used by a planning agent. How-
ever, we don't believe that description logics are expressive



enough to describe the data-processing operations that we
need to support.

The Earth Science Markup Language (ESML;
http://fesml.itsc.uah.edu) is another language based on
XML, under development at the University of Alabama
in Huntsville to provide metadata descriptions for Earth
Science data. Unlike DAML-S and WSDL, ESML is well
suited to describing the complex data structures that appear
in scientific data. Unlike DPADL, it is only intended to
describe data files, not data processing operations, but it
does provide explicit support for describing the syntax
and semantics of data files and allows the specification
of constraints in the form of equations. Although it is
less expressive and more specialized than DPADL, it is a
promising metadata standard for Earth Science. In the near
future, we hope to support conversion between ESML and
DPADL metadata specifications.

Near the far end of the expressiveness spectrum, the situ-
ation calculus (McCarthy & Hayes 1969) provides plenty of
expressive power, but at a price: planning requires first-order
theorem proving. We opted instead to make our language as
simple as possible, but no more so. DPADL does not sup-
port domain axioms, nondeterministic effects or uncertainty
expressed in terms of possible worlds, and much of the ap-
parent complexity of the language is handled by a compiler,
which reduces complex expressions into primitives that a
simple planner can cope with. Despite the superficial sim-
ilarity to program synthesis (Stickelt al. 1994), DPADL
action descriptions are not expressive enough to describe ar-
bitrary program elements, and the plans themselves do not
contain loops or conditionals.

Of the many planning domain description languages that
have been devised, the closest to DPADL is ADLIM (Golden
2000), on which itis based. Advances over ADLIM include
tight integration with the run-time environment (Java) and
constraint system and a Java-like object-oriented syntax that
makes it natural to describe objects and their properties. As
discussed in Sections 2 and 6.3, this encodes valuable infor-
mation used by the planner.

Collage (Lansky & Philpot 1993) and MVP (Chieat
al. 1997) were planners that automated image manipula-
tion tasks. However, they didn’t focus as much on accurate
causal models of data processing, so their representation re-
guirements were simpler.
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Abstract

Planning systems rely on knowledge about the problems they
have to solve: The problem description and in many cases ad-
vice on how to find a solution. This paper is concerned with a
third kind of knowledge which we term domain knowledge:
Information about the problem that is produced by one com-
ponent of the planner and used for advice by another. We first
distinguish domain knowledge from the problem description
and from advice, and argue for the advantages of the explict
use of domain knowledge. Then we identify three classes
of domain knowledge for which these advantages are most
apparent and define a language, DKEL, to represent these
classes. DKEL is designed as an extension to PDDL.

Knowledge in Planning

The knowledge input to a planning system may be divided in
two distinct classes: problem specification and advice. The
problem specification in turn typically consists of two parts:
(1) a description of the means at the planners disposal, such
as the possible actions that may be taken and resources that
may be consumed, and (2) the goals to be achieved, includ-
ing possibly a measure that should be optimized, constraints
that should never be violated, and so on. Advice we term
knowledge, of all kinds, intended to help the planner find a
better solution, find it more quickly or even to find a solution
at all.

There is often a certain difficulty in distinguishing the
two, particularly since the same kind of knowledge, indeed
the very same statement, may sometimes play one role and
at other times another: e.g. constraints may be part of a prob-
lem specification, but there are also several planners that
accept advice formulated as constraints. Nevertheless, two
things always distinguish advice from the problem specifi-
cation:

First, the problem specification defines what is a solu-
tion, advice does not. It may well be possible to find good
solutions while ignoring, or even acting in conflict with,
the given advice, and conversely, heeding poor advice may
cause a planner to fail to find a solution even though one
exists. It is, however, obviously never possible to find a so-
lution in violation of the problem specification.

Second, the problem specification is, at least in theory, in-
dependent of the planning system used, or even of the fact
that an automated planner is being used at all (apart from
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the fact that the specification must be expressed in a format
understandable by the planner). What constitutes useful ad-
vice, by contrast, tends to be highly dependent on the type
of planning system used.

Languages for Specification and Advice

Any automated planning system needs a means of accept-
ing as input a problem specification, and in most cases this
means is language. Consequently, many different planning
problem specification languages, with a varying degree of
similarity, have been used, but recently, PDDL (McDermott
etal. 1998; Bacchus 2000; Fox & Long 2002b) has emerged
as a kind of de facto standard. On a “specification vs. ad-
vice” scale, PDDL is strongly oriented towards specifica-
tion, and even as a specification language, it has its short-
comings: there is for example no easy way to specify con-
straints, which, as mentioned above, may be an important
part of a problem. To combat these shortcomings, several
extensions of PDDL (or PDDL-like languages) have been
proposed: PDDL2.1 (Fox & Long 2002b) adds the abil-
ity to express temporal and metric properties of actions as
well as metric goals. PCDL (Baioletti, Marcugini, & Milani
1998) extends PDDL with a constraint vocabulary, which
is then “compiled away” into standard PDDL. Many plan-
ners have added their own specific extensions, e.g. for con-
straints (Huang, Selman, & Kautz 1999) or invariants (Re-
fanidis & Vlahavas 2001), and many use altogether different
languages, e.g. to allow the expression of non-determinism
(Bertoli etal. 2001) or of more elaborate action and resource
models (Chien etal. 2000).

Languages for expressing plan constraints, whether they
be specification or advice, tend to be quite closely related
to the kind of planning algorithm used. Examples include
Hierarchical Task Network (HTN) schemas, which have a
long tradition as a means of expressing plan constraints (Tate
1977; Wilkins 1990; Nau etal. 1999; Wilkins & desJardins
2000), and more recently different temporal logics, as in
e.g. TLPlan (Bacchus & Kabanza 2000) and TALplanner
(Kvarnstrom & Doherty 2001).

Planners capable of accepting as input control knowledge
of other kinds also use mostly specific languages. This is
a natural consequence of the fact that the knowledge itself
tends to be highly planner-specific.



Domain Knowledge

In between specification and advice, a third class of knowl-
edge, commonly called domainknowledg, may be distin-
guished. Briefly, it consists of statements about a planning
problem that are logically implied by the problem specifica-
tion, but that are not part of the specification. We would like
to amend this definition with the requirement that domain
knowledge is “planner independent”, i.e. not closely tied to
the internal workings of any particular planning system, but
such a requirement is difficult to formulate precisely.

There are several good reasons for making this distinc-
tion. First of all, domain knowledge is implied by the prob-
lem specification, so it can be derived from same, and in
many cases derived automatically. In this way it is different
from advice, which must be provided by a domain expert, or
learned from experience over many similar problems. There
is a large, and growing, body of work on automatic “domain
analysis” of this kind.

Furthermore, good planner advice tends to depend on
knowledge both about properties of the problem and the
planner used to solve it. For a given planner, there is of-
ten a fairly direct mapping from certain classes of domain
knowledge to useful advice for that planner. To take a sim-
ple example, in a regression planner an obvious use of state
invariants is to cut branches of the search tree that violate an
invariant. This is a sound principle, since a state that violates
an invariant can never be reached and thus a goal set that vi-
olates the invariant is unreachable. The principle is founded
on knowledge of how the planner works, but depends also on
the existence of a certain kind of domain knowledge, namely
state invariants.

On the other hand, domain knowledge in itself does not
determine its use for advice. To continue the example,
state invariants have many more uses: the MIPS planner
uses them to find efficient state encodings (Edelkamp &
Helmert 1999) and to find abstractions for generating heuris-
tics (Edelkamp 2001), while in GRT (Refanidis & Vlahavas
2001) they are used to split the problem into parts and to
improve the heuristic. In principle, the same planner can
use the same domain knowledge in different, even mutually
exclusive, ways.

For many classes of domain knowledge there exists al-
gorithmic means of generating such knowledge, and indeed
many planners do produce and make use of it: GRT, MIPS
and STAN (Long & Fox 1999) use state invariants, FF (Hoff-
mann & Nebel 2001) uses goal orderings (Koehler & Hoff-
mann 2000), and IPP uses irrelevance information (Nebel,
Dimopoulos, & Koehler 1997; Koehler 1999).

In these examples, the algorithms for generating domain
knowledge can be, at least in principle, separated from the
planning algorithm where it is used, but for practical rea-
sons, the two are built together as one unit. We believe that
making a practice out of this separation is good idea, as it
enables “fast prototyping” of integrated planning systems,
where existing implementations of different domain analy-
sis techniques can easily be “chained” and coupled to ex-
isting planners. Although this is not necessary for building
high performance planning systems, it would simplify the
experimental evaluation of the impact of domain analysis on
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different planners, and thereby further the development of
both automatic domain analysis and more flexible planners.

A Language for Domain Knowledge

In order to separate the generation and use of domain knowl-
edge, we need some means of exchanging this knowledge
between producer and consumer. What we propose is to
“standardize” the expression of domain knowledge, using
a language that builds on PDDL, to make this exchange as
natural and easy as the passing of a problem specification to
a planner. In short, what PDDL has done for planning prob-
lem specification, we wish to do for domain knowledge.

To this end, we have created the Domain Knowledge Ex-
change Language (DKEL). The language is an extension of
PDDL and provides a means for items of domain knowledge
to be stated as part of a PDDL domain or problem specifi-
cation. The main goal of DKEL is to enable the kind of
quick and easy prototyping of integrated planning systems
outlined above. At the same time, it provides a limited tax-
onomy of different kinds of domain knowledge, with an at-
tempt at a rigorous definition of the semantics for each kind.

DKEL is currently limited to a few classes of domain
knowledge (described in the next section). We have selected
these classes because they are reasonably well understood
and obviously useful to planners of different kinds, but most
of all because there exist domain analysis tools able to gen-
erate them.

Given that there already exists many formalisms for the
specification of so-called “knowledge rich” planning prob-
lems, it is reasonable to ask why we propose yet another.
The reply would be that DKEL fills a different niche: the
kinds of knowledge expressible in DKEL are different from
those expressible by constraint languages such as HTN
schemas and temporal logics. In short, DKEL is a comple-
ment to, and not a replacement for, existing languages.

Implications of Explicit Domain Knowledge

DKEL augments the original domain or problem descrip-
tion with domain knowledge rather than altering or reducing
it right away. Preserving the original structure of the domain
and problem specification has several advantages: First of
all, it is a prerequisite for the “chaining” of several analy-
sis techniques described above. It also leaves the choice of
what knowledge to apply, and how to apply it, up to the plan-
ner. As mentioned, turning domain knowledge into effective
advice for a specific planner depends on knowledge of the
workings of that planner, and including this in the exchange
language would blur the separation between the generation
and use of knowledge that it is meant to help achieve.
There are also problems with the use of domain knowl-
edge. Not all knowledge is useful to all planners, and may
even be detrimental if incorrectly used. Even if a particular
item of knowledge is useful, the computational cost of in-
ferring it may be higher than the benefit incurred by its use.
Adding explicit domain knowledge to a problem specifica-
tion increases the size of the specification, and although a
planner may always choose to ignore useless items of knowl-
edge, indiscriminate adding-on may blow specifications up



to a size where the increased cost of simply reading and han-
dling them outweighs any advantage. Note, however, that
these problems are not intrinsic to explicit representations of
domain knowledge, but only more prominent for them: Inan
integrated planning system, domain analysis algorithms can
be customized to closely match needs, while explicit repre-
sentations are intended for use with prefabricated, general
tools.

Separating domain analysis from its use in planning
means that the planner component loses control over how
knowledge is generated, and must simply accept it as stated.
Knowledge expressed in an interchange format like DKEL
may have been added by the domain designer instead of be-
ing discovered by automatic analysis. Regardless of origin,
it may be incorrect due to a flawed analysis, differences in
the interpretation of knowledge statements, or even sheer
malice. However, adopting an explicit representation for do-
main knowledge, such as DKEL, may also help in avoiding
problems of the kinds mentioned before. It offers a human-
readable intermediate format with a well-defined semantics,
and encourages empirical evaluation of planning tools. Ul-
timately, the decision what domain knowledge generating
components to couple to a specific planner still belongs with
the designer of the integrated planning system.

Demarcating Domain Knowledge: Scope of DKEL

Distinguishing domain knowledge from other forms of
knowledge, and thus finding the right scope for DKEL, is
not easy. For example, it is not entirely clear where domain
analysis ends and planning begins: Heuristic state evalua-
tions done by a planner such as FF falls under our defini-
tion of domain knowledge as “statements logically implied
by the problem specification”, but we would not consider
it such because what meaning, and relevance, would this
information have to any other planner? Conversely, state-
ments that are in fact not domain knowledge may appear
syntactically indistinguishable from statements that are. For
example, to a regression planner that uses state constraints
to prune unreachable states from the search, advice to prune
reachable but undesirable states could be given in exactly
the same form. Only the fact that these constraints are not
implied by the problem specification makes it advice rather
than domain knowledge.

Another point is that domain knowledge is defined with
respect to a problem instance, but what we really want to
do is state knowledge about a planning domain, i.e. about
all problem instances belonging to the domain. Because the
concept of “domain” in PDDL is rather weak®, we must in
doing this exclude “unreasonable” problem instances. The
semantics of DKEL statements, and language features such
as: cont ext , have been made with this in mind.

1The domain can for instance not specify the existence of any
particular object, or sanity constraints on the initial state, nor re-
strictions on the goal. The first PDDL specification (McDermott et
al. 1998) had some features along these lines, e.g.:constants
and situations but they never gained widespread use.
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Meta Knowledge

The semantics of DKEL statements are carefully and exactly
defined, but they are in a sense not complete. For exam-
ple, the meaning of the : i rrel evant clause for actions
is roughly “if there exists a plan, there also exists a plan that
does not contain the irrelevant action”, but this does not say
whether the plan not containing the irrelevant action is of
the same length (or cost according to the problem metric).
Given two statements about action irrelevance, it is also not
clear whether they can both be applied at the same time, or if
doing so will make the problem unsolvable altogether. An-
other example is the : r epl aceabl e clause, which states
that any occurrence of a particular action sequence can be re-
placed by a different action sequence, in any valid plan, but
it does not specify if the replacement is valid in the presence
of another action sequence in parallel,

These uncertainties could be resolved by adopting a
stricter semantics for the various DKEL statements, but this
would be likely to make the whole language too restricted to
be useful. At the same time, most domain analyzers can be
much more specific about properties of the domain knowl-
edge they produce. For example, all : i rr el evant action
clauses produced by RedOp (Haslum & Jonsson 2000) can
be safely used together, and some of them are also guaran-
teed not to increase the length (serial or parallel) of the plan.

We call this knowledge about properties of particular
items of domain knowledge “meta knowledge” and ideally,
we would like to be able to express it alongside domain
knowledge in DKEL. However, what kinds and forms of
meta knowledge are relevant is not clear to us, and therefore,
at the moment, DKEL supports it only via “tags”: domain
knowledge items may be annotated with arbitrary symbols,
intended to express such properties. A sketch of an ontology
for meta knowledge is given in section “Current Form and
Future Development” below.

Classes of Domain Knowledge

This section presents definitions of the semantics of three
different classes of domain knowledge: state invariants,
fact and action irrelevance, and replaceability of action se-
quences. These are the classes that can be expressed in
DKEL. They represent by no means an exhaustive classifi-
cation of domain knowledge, but together they cover a large
part of the domain knowledge that is made explicit by exist-
ing automatic analysis techniques.

In defining the meaning of knowledge clauses, we con-
sider for the most part plans to have the simple form of a se-
quence of atomic actions, although in some cases, e.g. state
invariants, the meaning of a domain knowledge statement
remains unchanged when slightly more complicated plan
forms, such as partially ordered sets of actions, are used.

State Invariants

State invariants are probably the most commonly produced
and used class of domain knowledge. They express prop-
erties of a planning domain that are invariant under action
application, e.g. the uniqueness of a physical location of an
object. State invariants in planning are commonly defined as



a formula F on states such that if £ is true in the initial state
of a planning problem, F'is true in all reachable states. The
following is a typical example, taken from the blocksworld
domain?, which states that a block is either on the table or
on exactly one other block:

(forall (?x) (and
(or (clear ?x) (exists (?y)
(implies (not (= ?x ?y)) (on ?x ?y))))
(forall (?y ?z2)
(implies (and
(not (= ?x ?y)) (nhot (= ?x ?2))
(on ?x ?y) (on ?x ?z2)) (= ?y ?2)))
(not (exists (?y) (implies (not (= ?Xx ?y))
(and (on-table ?x) (on ?x ?y)))))))

The formula is best explained in the terminology of TIM,
see (Fox & Long 1998), p. 386f. The first of the three
outer conjuncts corresponds to a state membership invariant,
meaning that in every state and for every block ?x at least
one of (on-table ?x) or (on ?x ?y) is true, where ?y
is different block than ?x. Likewise, the second and the third
conjunct correspond to a identity and a uniqueness invariant,
respectively. The second denotes that a block is on top of at
most one other block and the third that a block is never si-
multaneously on top of another block and on the table. Then,
for a problem with two blocks A and B, this formula speci-
fies that exactly one of the facts (on-table A) and (on
A B), and analogously exactly one of the facts (on-table
B) and (on B A), is true (provided this was the case in the
initial state).

We will generalize the above definition of state invariants
slightly. First, we simply drop the reference to the initial
state. As any state can be the initial state of a planning prob-
lem, an invariant according to the first definition is useful
even if it becomes true in an intermediate state of a plan
instead of in the initial state. Second, we consider invari-
ants also on pairs of adjacent states. This allows us to ex-
press monotonicity properties on transitions among states.
Although this extension may seem complicated, it fits natu-
rally into the framework of DKEL.

Hence, our definition of a state invariant is (1) a formula
F on states such that if F' is true in a state s, F is true in
all states reachable from s by application of a sequence of
actions. In addition, a state invariant may be (2) a pair F1,
I of a formula on states and a formula on pairs of states,
respectively, such that if F} is true in a state s then F3 is true
for all pairs (s, s”) where s’ is reachable from s by the appli-
cation of a single action or a set of non-conflicting actions in
parallel.

With this definition we can formulate state invariants for
a planning domain independently of any particular problem,
even though their applicability clearly depends on the initial
state of the problem. For example, intuition says that all
the blocksworld state invariants given above are properties
of the blocksworld domain, but it is easy to define problems
whose initial state violates them. Our definition simply says

2\\e use blocksworld as example domain throughout this paper.
The blocksworld domain is simple, widely known, and allows the
formulation of a wide variety of domain knowledge.
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that because such an initial state falsifies the antecedents of
the state invariants, there is nothing said about the following
state.

Also note that an invariant according to (1) remains an
invariant, in the intuitive sense, also if the plan is parallel
or partially ordered, if one makes the common assumption
that the result of executing such a plan is the same as that
of executing one of its linearizations. The definition does,
however, not guarantee that the invariant formula holds dur-
ing the execution of each action in the plan. In PDDL2.1,
it is possible to specify effects at different time points in
the execution of an action, and thus an action may falsify
an invariant formula at the start but restore the truth of the
formula at its end.

State invariants are explicitly and implicitly used by a va-
riety of planners, among which are SATplan (Kautz & Sel-
man 1992), STAN, GRT, and MIPS. A similar variety of
tools calculate invariants from domain and problem descrip-
tions, e.g. TIM, Discoplan (Gerevini & Schubert 1998), and
a technique by Rintanen (2000).

Operator and Predicate Irrelevance

The difficulty of solving a planning problem increases, fre-
quently exponentially, with the size of the problem speci-
fication. Unfortunately, for most planners it makes small
difference how much of the specification is actually relevant
for solving the problem goals. The larger and more complex
problems get, the more likely is the presence of irrelevance
(most of the real world is irrelevant for any of our tasks) and
the greater is the cost of not realizing it. It is fair to say that
the identification and efficient treatment of irrelevance is one
of the key issues in building scalable planners.

As important as we consider the treatment of irrelevance
to be, as difficult it is to define precisely. Nebel etal. (1997)
identify three different kinds of irrelevance: (1) a fact or
action is completelyirrelevantif it is never part of any so-
lution. This is a very weak criterion, since a plan can al-
ways contain redundant steps that contribute nothing to the
achievement of the problem goals but make use of otherwise
irrelevant facts or actions. Unreachable actions are of course
completely irrelevant. (2) An initial fact or an action is so-
lution irrelevant if its removal from the specification does
not affect the existence of solution, and (3) an initial fact or
an action is solution-lengthirr elevantif its removal does not
affect the length of the shortest solution plan. This can ob-
viously be generalized to any conceivable cost measure on
plans.

We adopt solution irrelevance as the basis for our defi-
nition, since it seems the most intuitive and least compli-
cated. Solution-cost preserving irrelevance is an important
concept, but because of the unlimited number of measures,
we relegate this property to meta knowledge. Thus we say
that an action « is irrelevant if removing a from the set of
actions available to the planner does not alter the existence
of a solution. In other words, if there exists a plan, then there
also exists a plan that does not contain the irrelevant action.

Concerning facts, the situation is more complicated, since
there are several possible interpretations of what it means
to “remove” a fact from the problem. Removing an “initial



fact”, i.e. one that is true in the initial state, can be simply
defined to mean making its value in the initial state false
(or unknown) instead. For facts that are not initial there is
no such obvious interpretation, since removing a fact from
the problem completely may have undesired side effects: If
the removed fact appears as a precondition, an action may
become applicable in a state where it was not applicable be-
fore, and thus the simplified problem may have a solution
that is not a solution to the original problem.

Because of this, we choose only a simple definition of
“initial fact irrelevance”: A fact is initial-irr elevant if its
truth value in the initial state does not affect solution ex-
istence.

Action irrelevance is usable by practically every planner,
since its effect is only to reduce the size of the problem. This
is particularly important for planners that work with an in-
stantiated representation. Fact initial-irrelevance has been
shown to be important for Graphplan and Graphplan-like
planners (Nebel, Dimopoulos, & Koehler 1997). Domain
analysis tools that produce irrelevance information include
RIFO (Nebel, Dimopoulos, & Koehler 1997) and RedOp.
RIFO implements several methods of detecting irrelevance,
some of which are not guaranteed to be solution-preserving
and therefore do not strictly fall within our definition. Still,
since the knowledge produced by RIFO has been shown to
be very useful in practice, we feel that the lack of a solution-
preservation guarantee should be regarded as meta knowl-
edge and indicated by a tag.

Replaceable Sequences of Operators

Planning problems tend to have numerous solutions and
many of them are similar. They may differ perhaps only
by a reordering of actions that do not interfere with each
other, or by the substitution of a different object with iden-
tical properties, and recognizing this can improve the effi-
ciency of search since only one of the equivalent sequences
have to be considered (Fox & Long 1999; Taylor & Korf
1993). More generally, a sequence of actions may be “sub-
sumed” by a different sequence, in the sense that wherever
the first sequence occurs, the second can be substituted. We
say that an action sequence 77 is replaceableby an action
sequence T if in every executable action sequence contain-
ing 77, replacing T3 by T3 also results in an executable se-
guence, which, in addition, achieves all the goals achieved
by the original sequence.

An example of such a pair in the blocksworld domain are
Ty =(move A B D)o(move A D C) and 75 =(move A
B C): whenever a block is moved twice in a row, this se-
quence can be replaced by a single move directly to the des-
tination of the second move. This is also an example where
replaceability holds only in one direction, since replacing
the second sequence by the first may result in an invalid plan,
if D is covered by another block.

The replaceability relation is defined with respect to linear
plans only: It leaves no guarantee that making the replace-
ment in a plan where there exists actions parallel with the
replaced sequence yields a valid plan. For example, if the
sequence (move E C F)o(move G H D) happens in par-
allel with T, the previous replacement yields a conflict: If

(move A B C) is placed at the same time as (move A B
D) then block C is still occupied, and if it is placed one step
later, block D is not freed early enough. Note, however, that
if replaceability between two sequences holds in the con-
text of parallel totally ordered plans, it always holds also for
linear plans. Thus, knowledge of replaceability as defined
above may useful at least as a basis for computing replace-
ability for other kinds of plans.

Examples of automatically generated replaceability
knowledge includes the result of RedOp and the RAS con-
straint of Scholz (1999). The latter also goes into replace-
ability for parallel plans. A common use of replaceabil-
ity is “commutativity pruning”, i.e. pruning from search all
but one permutations of a sequence of commutative actions,
used for example by GRT (Refanidis & Vlahavas 2001).
An example of a different use is the “Planning by Rewrit-
ing” approach (Ambite & Knoblock 2001), although this
uses a more elaborate model of replacement and hand-coded
knowledge.

Other Classes of Domain Knowledge

Many classes of domain knowledge beside the three detailed
above have appeared in the literature. They have all been
implemented as part of planning systems, or in some cases
as stand-alone tools, and thus are all candidates for future
extensions of DKEL. Examples include

Landmarks: A landmark (Porteous, Sebastia, & Hoffman
2001) is a fact that must be achieved at some point in ev-
ery solution to a planning problem. Different ordering re-
lations on landmarks can be identified and used to prune
from search candidate plans that achieve landmarks in vi-
olation of the order.

Goal orderings: Goal orderings (Koehler & Hoffmann
2000) allow a divide and conquer approach to planning.
A goal ordering for a planning problem consists of two
or more ordered subsets of its goals. Instead of planning
for all goals at once, a planner can repeatedly search for a
plan from one subset to the next, using the goal state of the
previous plan as initial state. Then, the overall solution is
the concatenation of the plans for the subgoals.

Symmetries. The detection of symmetry can considerably
improve the performance of planning systems: If a can-
didate plan does not yield a solution, there is no use in
considering a symmetric candidate. Fox and Long (1999;
2002a) describe how to find symmetries in planning prob-
lems.

Generic Types: Fox and Long (2000; 2001) define a
generic type as a collection of types, characterized by spe-
cific kinds of behaviors, e.g. movable objects and lockable
doors. Generic types are present in a variety of planning
domains and are amenable to the application of special-
ized techniques. The identification of generic types al-
lows to automatically compose a planner specialized for
the planning problem at hand.

Another important class of knowledge in widespread use
is general constraints on sequences of states and actions. It
is common both as part of a problem specification (although



not directly expressible in PDDL) and as a means of express-
ing advice. There are, however, good reasons why we have
chosen not to include it in DKEL: There are already many
languages for expressing constraints for these purposes, e.g.
HTN schemas, temporal logic, and more. Such languages
also tend to be highly expressive and quite complex. Even
though constraints on action and state sequences can consti-
tute domain knowledge, their main use is as either part of the
specification, or as advice founded on the intuition of the do-
main designer. Also, there exists very few domain analysis
tools that automatically discover knowledge of this kind.

The Domain Knowledge Exchange L anguage

This section describes how the three classes of domain
knowledge detailed in the previous section are expressed in
DKEL.

DKEL Design Principles

Our main goal in the design of DKEL has been to make a
language that is useful in practice. In short, it should be
simple, extendible, and as familiar as possible.

The most important design principle is simplicity, which
does not only apply to the language definition but also
to its intended use. In other words, we tried to keep
things simple and ask the users of DKEL to do the same.
On the other hand, the expressiveness of the language
should be adapted to current (and, as far as possible, fu-
ture) use, which motivates our restriction to three common
classes of domain knowledge. In a trade-off with simplic-
ity, we introduce a certain amount of “syntactic sugar”,
i.e. abbreviations for some common cases, for example the
:set-constraint.

Finally, DKEL is designed as an extension of PDDL, so
we expect the user to be familiar with this language. For this
reason, we tried to keep DKEL as close to PDDL as possible
and share some of the syntax with this language. For ele-
ments DKEL which are not described in this paper, please
refer to the PDDL subset used in the AIPS 2000 Planning
Competition (Bacchus 2000).

Stating Domain Knowledge in DKEL

DKEL clauses can be placed within either a domai n,
si tuati on, or pr obl emdefinition. Each location yields
a different scope for the clause: If placed within a donai n
definition, a DKEL clause is valid for all problems of this do-
main. Analogously, a DKEL clause within a si t uati on
and a pr obl emdefinition is valid only for problems that
have the specified initial state and the specific problem, re-
spectively. Note that the semantics of some DKEL clauses,
e.g. state invariants, and the : cont ext feature of the lan-
guage (see below) allows domain descriptions to contain do-
main knowledge that is problem dependent to some extent.

DKEL clauses have the form of a list beginning with an
identifier. Elements within a clause, like the elements of
an action definition, consist of a keyword followed by some
“content” in the form of a LISP expression, i.e. a single sym-
bol or a list with balanced parentheses. The basic form of a
DKEL clause is:
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(<KNOWLEDGE_KIND> <ELEMENT>)

<KNOWLEDGE_KIND> ::=
creplaceable | :irrelevant | :invariant
<ELEMENT> ::=
[:tag <name>]*
[:vars (<TYPED?-LIST-OF(VARIABLE)>)
[ :context <CONTEXT_FORMULA>] ]
<CONTENT>+

Elements common to all clauses are :tag, :vars,
: cont ext, and <CONTENT>. The first allows a limited
amount of meta knowledge, in the form of an arbitrary sym-
bol, to be associated with the clause. Note that a clause
may have more than one : t ag element. Writing several
instances of content within the same DKEL clause is equiv-
alent to writing one clause with the same : t ag, : vars,
and : cont ext for each of them.

Variables on the <ELEMENT> level act as universally
quantified parameters to the content of the clause, allowing
several instances of a domain knowledge item to be writ-
ten in a single statement. The : cont ext clause limits the
possible instantiations of these variables. Thus, writing a
DKEL clause with parameters is equivalent to writing one
ground instance of the clause for each assignment of the
variables that satisfies the context formula. For example,
consider the : i nvari ant clause in the next subsection:
In a blocksworld problem with three blocks A, B, and C, it
denotes three state invariants, one for each binding of ?x to
a block.

The context formula is required to be “static”, i.e. evalu-
able without reference to a particular state. This makes it
possible (but not necessary) to convert all DKEL clauses to a
set of ground instances in a preprocessing step. The restric-
tion is reasonable, since for none of the classes of domain
knowledge currently expressible in DKEL does validity de-
pend on the state, but it may have to be lifted in the future if
DKEL is extended to other kinds of domain knowledge.

To allow knowledge items in the domain definition to
depend on properties of the problem instance, a context
formula may contain two kinds of modal literals: (: i nit
<literal (t)>) and (:goal <literal (t)>).
They refer to the truth value of the literal in the initial and
goal state of the problem, respectively.

Since even simple conjunctive goals in PDDL do no
specify a complete state, there is a question of how to
interpret negative : goal literals: Does (: goal (not
<ATOM>) ) mean “it is a goal that <ATOW> should be
false”, or does it mean “it is not a goal that <ATOW> should
be true”? The most straightforward and general interpre-
tation, and the one we choose for DKEL, is that (: goal
<literal >) istrueifandonlyif<l i t er al > is entailed
by the goal formula of the problem, even though this does
make it more difficult to handle problems with complex goal
formulas (see e.g. Kvarnstrém and Doherty (2001), Section
3.4, for a more detailed discussion). Consequently, the sec-
ond possible interpretation suggested above is expressible as
(not (:goal <ATOW)).



State Invariants

An ;i nvari ant clause specifies a state invariant as first-
order formula or as a set constraint. As defined in the previ-
ous section, this means that the given property is preserved
by all operators. It does not necessarily mean it is true in ev-
ery reachable state: Only if the : i nvar i ant clause stands
within a si t uat i on or pr obl emdefinition the property
is required to be true in the initial state.
The syntax of an : i nvari ant clause is as follows:

<CONTENT> ::=
:formula <FORMULA>
| :set-constraint (<CONSTRAINT_TYPE>
<INTEGER> <LITERAL_SET>+)

<SET_CONSTRAINT> ::=
exactly | at-most | at-least
| decreasing | increasing

<LITERAL_SET> ::=
<LITERAL(<TERM>)>
| (:setof
[:vars (<TYPED?-LIST-OF(VARIABLE)>)
[:context <CONTEXT_FORMULA>] 1]
<LITERAL(<TERM>)>)

The motivation for introducing set constraints is to simplify
the writing of common types of invariants. A set constraint
specifies the literal set as a union of <LI TERAL _SET>, each
of which can either be a single literal or an instance of the
(setof VARS CONTEXT LITERAL) construct. The latter
denotes the set of literals entailed by the (closed) formula

(forall (VARS) (implies CONTEXT LITERAL)),

like the literals entailed by an action precondition. For ex-
ample, the invariant given in the previous section may be
expressed as follows using a set constraint:

(:invariant
:vars (?x - block)
:set-constraint (exactly 1
(on-table ?x)
(setof :vars (?y - block)
scontext (not (= ?x ?y))
(on ?x ?y))))
The set of clause corresponds to the formula (forall
?y) (implies (not (= ?x ?y)) (on ?x ?y)))
where ?x has already been bound on the <ELEMENT>
level. In a blocksworld problem with blocks A, B, and C, if
?x is bound to A, the formula denotes the set {(on A B),
(on A O)}.

The set constraint abbreviation is provided mainly be-
cause the corresponding first-order formulas quickly be-
come very large: Imagine a blocksworld domain extended
to have n tables, so that a block ?x could be (on-tablel
?x), (on-table2 ?x), and so on. In this case, we need
only to replace (on-table ?x) by the n new predicate
schemata in the DKEL clause above, while formulating
the same invariant in first-order logic requires a formula
quadratic in size.

As it turns out, set constraints are well suited to express
many of the invariants found by current analysis techniques.
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For example, the invariants found by TIM (identity, state
membership, uniqueness, and fixed resource) and most of
those found by Discoplan (implicative, single-valuedness,
antisymmetry, OR, and XOR) all correspond to set con-
straints. Consider the following Discoplan XOR-constraint:

((XOR (ON ?X ?Y) (ON-TABLE ?X)) (BLOCK ?X))

Here, ?X is universally quantified, ?Y existentially quantified
and (BLOCK ?X) is a supplementary condition that has to be
true in the initial state. Hence, the constraint reads: “In every
reachable state it holds that for all ?X such that (BLOCK ?X)
is true in the initial state, either there is a ?Y such that (ON
?X ?Y) istrue or (ON-TABLE ?X) istrue”. The one-to-one
corresponding DKEL invariant is
(:invariant
vars (?x)
ccontext (:init (block ?x))
:set-constraint (exactly 1
(on-table ?x)
(setof :vars (?y) (on ?x ?y))))

Of course, set constraints can only describe a limited class
of invariant properties, but for remaining invariants we can
always resort to first-order formulas.

The semantics of set constraints are as follows: The con-
straints exact | y, at - nost, and at - | east denote that
exactly n, at most n, and at least n of the literals in the
given set are true in a state, respectively. In TIM termi-
nology, an at - nobst set constraint is the conjunction of
the corresponding identity and uniqueness invariants, lim-
ited to the variable bindings that satisfy the context. Like-
wise, an at - | east set constraint is the conjunction of
the corresponding state membership and uniqueness invari-
ants, again limited by the context. An exact |y set con-
straint is the conjunction of the corresponding at - nost
and at - | east set constraints.

The decreasi ng and i ncreasi ng constraints are
examples of the second type of invariants defined in the
previous section, i.e. invariant properties on pairs of adja-
cent states. A decr easi ng (i ncr easi ng) set constraint
means that at most n (at least n) of the literals in the set are
true in a state and that in any succeeding state, the number of
true literals is the same or less (more). We give its semantics
in first-order logic by quantifying TIM invariants over states.
Then the first invariant formula F;(s) of decr easi ng
is (at-most i s), where the extra argument denotes the
state that the invariant holds in. Formula F»(s, s’) is a con-
junction of £+ 1 implications (implies((exactly i s)
(at-most i s”))),oneforeachiintherange 0 <i < k.
Here, s and s’ denote adjacent states. The meaning of the
i ncr easi ng constraint may be expressed by a similar pair
of formulas, with an upper limit given by the size of the fact
set.

Operator and Predicate Irrelevance

The :irrel evant knowledge clause allows irrelevance
information to be stated as part of the domain description
instead of removing the irrelevant operator or predicate in-
stances directly, thus preserving more of the original domain
structure. The syntax is as follows:



<CONTENT> ::=
:fact <ATOMIC-FORMULA(<TERM>)>
| :action <OP_SCHEMA>

Any variables appearing in either fact or action schema
should appear also in the : var s element of the clause.

If the clause contains an operator schema, the meaning
is that any matching instance of that operator is solution-
irrelevant, as defined in the previous section, i.e. if there
exists a plan which contains such an action, there also ex-
ists a plan that does not. A predicate schema indicates that
instances of this predicate are initial-irrelevant, as defined
in the previous section, i.e. those instances can be removed
from the initial state of the problem without affecting so-
lution existence. The following is an example from the
blocksworld domain:

(zirrelevant
vars (?x ?y ?z - block)
:context (not (:goal (on ?x ?z)) )
action (move ?x ?y ?z))

It states that unless (on ?x ?z) is a goal, any instance of
the move operator that places ?x on ?z is irrelevant.

Replaceable Sequences of Operators

A :repl aceabl e clause specifies replaceability of oper-
ator sequences in the context of linear plans. The syntax of
a: repl aceabl e clause is as follows:

<CONTENT> ::=
:replaced <OP_SEQUENCE_SCHEMA>
replacing <OP_SEQUENCE_SCHEMA>

<OP_SEQUENCE_SCHEMA> ::= (<OP_SCHEMA>*)

<OP_SCHEMA> ::= (<name> <TERM>*)

An example of a :replaceabl e clause from the
blocksworld domain is the following:

(:replaceable
:vars (?x ?y ?z - block)
:replaced ((move-from-table ?x ?y)
(move-onto-table ?x ?y))

replacing ()

It states that it is always possible to replace the sequence of
moving a block from the table onto a block and immediately
back onto the table by the empty sequence. In other words,
this subsequence can be removed from any solution plan.

Current Form and Future Development

DKEL, as presented in this paper, is a first step, not a fi-
nal solution. It is the nature of a first step that there might
be discussions about its direction. Specification languages
for planning problems have evolved over many years, and
PDDL is still undergoing development.

In the following, we identify some of the weaknesses
DKEL currently exhibits, and discuss future developments
to remedy those.
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Coverage

DKEL does not offer a representation for every conceivable
item of interesting domain knowledge. In fact, even the clas-
sification outlined in this paper does not cover all the kinds
of domain knowledge that have been discussed in planning
literature and used in planners up to now. The main rea-
son why we have left it in such an unfinished state is that
we believe the construction of a complete ontology of do-
main knowledge, and a matching representation, must be a
project for the planning community, not only because of the
scale of such a project but more importantly because an in-
terlingua such as DKEL is intended to be is useless unless it
is accepted by a large part of the community.

This said, we also think that DKEL, as presented here,
is an adequate first step towards a more comprehensive rep-
resentation. The three classes of knowledge it does cover
have been selected as a starting point because they are fairly
well understood and useful to a wide variety of planners,
and because there exist techniques to automatically derive
them from problem descriptions. In a sense, the language is
a “snapshot” of the state of the art in domain analysis. As
work in this area continues, we expect more kinds of domain
knowledge fulfill these criteria, and we hope that they will
also be incorporated into DKEL.

Finally, although DKEL is designed as an extension of
PDDL, there is no reason to believe that similar extensions
to other formalisms for specifying planning problems should
not be of use: compared to constraint languages, such as e.g.
HTN schemas, DKEL plays a different, and complementary,
role.

Meta Knowledge

Neither have we provided a syntax or an ontology of the
properties of items of domain knowledge which we have re-
ferred to as meta knowledge. Examples of such properties
that may be important include:

Assumptions about domain, problem and plan. The va-
lidity of action sequence replaceability may depend on
the assumption that the plan is linear, but instances of
the replaceability relation may be valid also in the con-
text of parallel or temporal plans. In a temporal planning
domain, invariant and replaceability knowledge may also
depend on exactly what action execution semantics are
assumed.

Effects of applying domain transformations. Irrelevance
and replaceability knowledge both describe (potential)
changes to the planning domain and problem: as de-
fined, these changes are guaranteed to preserve solution
existence, but other properties of the solution, e.g.
optimality with respect to number of actions, makespan,
or the problem-defined metric, are not guaranteed to be
preserved.

Compatibility and synergy. As already pointed out, action
irrelevance statements may be mutually exclusive, in the
sense that applying one such statement (by removing the
action or actions from the domain) renders the other in-
valid. Less obviously, there may be synergy effects be-
tween domain knowledge items: For example, there may



be state invariants not valid for the original domain and
problem that become valid if a particular action replace-
ment or irrelevance statement is consistently applied.

Origin and dependencies. With the proper meta knowl-
edge attached, the origin of a particular item of domain
knowledge is of no importance. However, as long as there
is no detailed ontology of meta knowledge, it might be
necessary to know what program produced the knowl-
edge (and with what options), what other items of domain
knowledge were used to derive it, and so on.

This, however, is merely a sketch, which may prove inade-
quate if DKEL is extended to cover more classes of domain
knowledge. Although a need for a more structured classifi-
cation of meta knowledge is sure to develop if DKEL be-
comes used in wider circles, such widespread use is also
a prerequisite for designing an ontology that properly ad-
dresses that need.

Current Use of DKEL

Currently, there are two domain analysis tools that produce
state invariants in DKEL form: version 2.0 of Discoplan®
and TIM_dkel, a reimplementation of TIM.

RedOp* identifies actions that can be replaced by action
sequences. This knowledge can be output in DKEL, either
as:irrel evant or:repl aceabl e statements.

One of the main goals of DKEL is to enable fast and easy
prototyping of integrated planning systems built from exist-
ing preprocessing techniques and planners. Varrentrapp et
al. (2002) demonstrate this with an on-line testbed for plan-
ning systems.>. Part of the testbed is a reimplementation of
GRT that accepts DKEL invariants. Here it is also possible
to download TIM_dkel.

DKEL, in its current form, has been subjected to relatively
little in the way of evaluation. How does one evaluate a lan-
guage, especially a language targeted at the role we have in
mind for DKEL? While expressivity can be formally ana-
lyzed and compared, again, we believe the most important
metric of the value of DKEL is acceptance.

Conclusions

Domain knowledge is an important resource for automated
planners: It can be extracted automatically from the domain
and problem specification by a variety of techniques, and in
combination with knowledge of the workings of a planner
it can be turned into effective advice for reducing search ef-
fort or improving the quality of plans found. The language
DKEL has been conceived and designed as means for allow-
ing easy integration of domain analyzers and planners in a
flexible way. In a sense, this reduces the effort devoted to
inventing efficient domain and problem specifications in ex-
change for finding a combination of tools and planner that
efficiently solves the problem.

3http://prometeo.ing.unibs.it/discoplan
“http://www. ida. liu.se/~pahas/hsps/
redop.html
Shttp://www. intellektik. informatik.
tu-darmstadt.de/“planlib/Testbed
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The explicit representation of domain knowledge also has
other uses. For example, it opens up the possibility of rea-
soning about the planning process. An example of this is
the planner HAP (Vrakas, Tsoumakas, & Vlahavas 2002),
whose planning strategy is adjusted according to the exis-
tence and characteristic of domain properties. Statements
of domain knowledge, e.g. a state invariant, are regarded as
property of the corresponding domain, similar to details like
the number of goal facts.

Two things we wish to stress. First, DKEL is aimed at
describing a particular kind of knowledge about a planning
domain: It is not a substitute for extensions to the expres-
sivity of problem specification languages, or formalisms for
“knowledge rich” domain description, it is a complement.
Second, it is not final: Although useful in its current form,
it will certainly need to be extended to meet future develop-
ments in planning and in domain analysis. Ultimately, the
goal may be a unified and standardized language for plan-
ning problem specification, domain knowledge and planner
advice, but it still lies far in the future.
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Abstract

For 5 years now PDDL has been growing in complexity and
size. With the languages success the field of Planning and
Scheduling (P& S) has grown in the light of the International
Planning Competition (IPC), in both complexity and popular-
ity. It is proposed that now is the time to alow the commu-
nity, as awhole, to drive the progress of PDDL and to createa
community outside that of the competition. With thisin mind
some prerequisites are outlined that are deemed necessary to
achieve success in this aim, with both some minor extensions
to the language but also with greater development infrastruc-
ture.

I ntroduction

This paper sets out some answers to the issues raised as
discussion topics for the ICAPS-03 workshop. It focuses
on the PDDL infrastructure and the need to secure greater
links with a wider community for the development of the
language. There are a number of areas where Planning and
Scheduling could greatly increase its desirability to the in-
dustrial community starting with some improvementsin the
way languages and resources are managed.

In thefirst part of the paper the various questions pointed
to by theinitial call for papers are discussed. Following this
anumber of infrastructure changes are proposed, ending up
in some suggestions for small extensions to the language to
enable more flexibility and knowledge sharing.

I nfrastructure
What isthe ambition for PDDL ?

Although PDDL wasinitially conceived for the |PC in 1998
by Drew McDermott, it has since become the main language
for the Planning and Scheduling community as awhole. As
such it isno longer just a’toy’ for use with the competition
and is becoming a popular research, and in the near future,
industrial standard. These ambitions are necessary to ensure
that a sensible, community driven language, that addresses
all theissuesthat come with such astandardis created. Any-
thing less than this and the continuing multitude of small
specialist languages will continue.

*1 would like to thank the reviewers and John Levine for their
hel pful comments.
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There are many roles for languages in planning whether
it be to capture heuristics, to communicate knowledge about
a particular domain or to help knowledge acquisition, and
as such it is for a standards committee to set the main ob-
jectives of the language, guided by what the community are
using the language for, rather than one person’s idedls, as
it isthis that will allow the language to continue to become
more popular and useful in applied planning. The main fea-
ture of PDDL that isimportant to al these languagesis the
format and tools for dealing with it. By having the ambition
to merge the various syntax and increasing PDDL’s flexibil -
ity it will be possible to cut the learning and development
curve of these language aspects down to a minimum, there-
fore aiding PDDL'’s overall appeal. This is in contrast to
the belief that there is a need for individual languages for
specific planning purposes, which hinders development of
complimentary technologies.

There arethose that would have PDDL as alanguage only
available to experts rather than general users, but asin other
modelling languages such as HTML and VRML, their pop-
ularity has been greatly aided by their broad appeal. Users
could program PDDL by hand but by making the language
available to the community in terms of libraries a number
of utilities such as PDDL editors could be written allow-
ing normal usersto investigate their own individual planning
problems. There are no gainsto be had by keeping the lan-
guage at a research/expert level only therefore it should be
an ambition, as the whole premise of planning isto apply to
problemsin the real-world, to make the language accessible
to 'real-world’ users.

Areweready for such a standard?

Even though there are a number of areas that can be im-
proved upon in the language and al so a number of pressures
to consider in its later development from both research and
industrial backgrounds, it is the position of this paper that
the community is both ready and willing to accept a com-
mon standard. For years there has been devel opment of var-
ious specialist languages that confuse and obscure the more
general landscape of the field. This is one of the reasons
why it is so hard to sell Planning and Scheduling as a seri-
ousindustria tool. If acommon language was adopted with
the ability for the community to make specialist changesfor
their own particular product it would enable and create a



more uniform and pervasive image to emerge.

Should there be a formal standard committee?

Asin other languagessuch asHTML, C and Javathere needs
to be alead direction for alanguageto goin. It istherefore
both right and necessary that a central committee be formed
to maintain the coding and theoretical standards of the lan-
guage. It should be comprised of al the areas of influence,
such asresearch, industrial and commercial. In thisway the
language will be able to accommodate and present itself to
all interested parties. But having made the above points it
should also be open to the community to add and update
the language for there own particular use. With the right in-
frastructure a similar effect to the Mozilla project (mozilla
2003) could be achieved. Thiswould enable specialist lan-
guages and tool s to be written quickly and made available to
the community but for them to be made part of the officia
standard the committee would have to vote on the quality of
the change and the real value to the community as awhole.

Should developments be allowed to branch as
expressive power increases?

This question rests on the assumption that one community
base would be too restrictive to encompass all the needs of a
increasing language complexity. With a flexible infrastruc-
ture such as the one proposed above there would be little
need to branch out. That is not to say though that should
a need arise to split the language that it should never be
considered. In this early stage though it would be unwise
and lead to the continuing complex image of the field. With
the minor extensions proposed below it should be possible
to keep logs of the additions and changes to a standard for
the purpose of specialist areas and to allow the community
access to it al. The most useful should then naturally be
chosen to become part of the overall standard.

Infrastructure Changes

Due to the global nature of the subject the Internet is the
most obvious way to promote and develop PDDL. As such
an interface that allows users to submit their particular ver-
sions of the PDDL language should be made available with
the ability to detail changes that they have made. These
archives can then be made publicly accessible and if deemed
important, additions to the language can be added to the
PDDL standard. This common gateway could be used also
to devel op new tools and foster new discussion on the direc-
tion of the language currently only possible via these pro-
ceedings which occur too infrequently to drive the language
forward.

An example of where a language has had huge suc-
cess through a community-based approach is the growth of
HTML as the standard markup language for the web. The
W3C(W3C 2003) organisation is the main body in charge
of setting up the standards used on the web but anyone can
upload their own tools and updatesto the HTML standard to
be scrutinised and used by the community. By having mail-
ing lists and newsgroups for people to air their views the
whole community feels included in the overall direction of
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the language. Another advantage of this community-based
approach is that documentation becomes more reliable and
examplesmoreprolific. Thisincludesthe translation of doc-
uments into various different languages, there by in itself
enlarging the popularity of PDDL.

Another interesting case study is that of the C language(c
2003) that now has a number of working groups. The inter-
esting point here is how it has adapted itself to new tech-
nologies such as embedded systems with ease due to its
community-based approach. Although there are numerous
libraries and extensions available in the public domain, it is
still the responsibility of the 1ISO and |EC to set the C stan-
dard. Thereby giving a strict standard to adhere to but also
giving maximum flexibility.

There are disadvantages though with the community-
based approach. For instance if there is a disagreement
about a particular implementation for the standard then this
may cause a split in the community. At the moment as
there is only a very small humber of people who decide on
how PDDL grows this is not a problem. A solution may
be that some sort of version split may occur but the differ-
ences could be allowed to be switched on/off depending on
arequirement flag as happens at the moment. Thereforein
a way the community will produce its own solution to the
probleminits flexibility. Another disadvantageis that there
will be a lot more documentation to be done and laziness
may creep in to certain versions. This though has also been
overcomeby other communitiesby allowing the less compe-
tent programmers to debug and document any new versions
of tools and the language that come out. Thereforethe scale
of the community is what keeps these factorsin check.

In order to properly archive the expected mass of versions
it would be necessary to create add some meta data to the
current language. These extensions, proposed in the next
section, would alow a systematic library to be created, de-
tailing standard and complexity of the language in use.

Extensions

With the aboveinfrastructure ideas in mind a number of ex-
tensions to the language would seem necessary to be able to
maintain integrity of the language. These extensions would
also help the ability to share knowledge of domains amongst
various Planning and Scheduling software.

The first extension is that of language version. With the
formation of a committee one of the first things necessary
would beto create anumbering system that reflected the dis-
tance of the new language concept from that of the standard.
An example might be as follows:

[standard version e.g. year.month.day of release] - [spe-
cific version of change]

This particular example alows the programmer reading
this to determine how current the language version is in
terms of the PDDL standards but also a particular version
number for the specialisation which would be maintainable
by the author.

The next few extensions area al so to do with authoring of
the language. An indication of the maximum PDDL level
reached would be useful so that programs written for a spe-
cific level do not try and read above that level which could



cause problems in an automated environment. Finally on
this theme an indication of where the language originated
and a contact email would be helpful for extra devel opment
purposes. These fields would be optional as in HTML but
authors would be wise to use them to help third-party users
adoption of their specialist modifications.

Therefore a new meta keyword might ook as follows:

(:meta 02.11.14-1.11 3 'University Of Edinburgh’ ’au-
thor@ed.ac.uk’)

Trandated as the community standard set on the 14-11-
2002 altered by University of Edinburgh, released again at
version 1.11 which goes up to PDDL level 3. The person to
contact for any questions is author @ed.ac.uk.

Just asin HTML this sort of information will allow pro-
gramsto inter-operate and programmerswill be ableto write
their software to any degree of speciaisation that they de-
sire but till be able to contribute to the community as a
whole. This sort of information might also generate greater
interest in the generation of a hybrid between PDDL and
XML which can handle this sort of meta-information in a
predictable manner.

Conclusion

In this paper it has been outlined that changes to the infras-
tructure plus a few minor extensions would enable the lan-
guage to present itself in as both a research and industrial
standard. It has been argued that this would increase in-
terest from the industrial and commercial communities by
simplifying the overall landscape of Planning and Schedul-
ing and alowing greater knowledge sharing between current
software. Examples have been suggested from the Internet
community where tools and languages have been allowed to
grow via a large community making small suggestions and
then an overall committee from &l areas strengthen the lan-
guage by using the most popular aterationsto set acommon
standard. This community-based approach does need more
planning but it is the way forward if PDDL wants to be-
come atrue language standard of the Planning and Schedul-
ing community.
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Abstract

In order to make planning technology more accessible and us-
able the planning community may have to adopt standard no-
tations for embodying symbolic models of planning domains.
In this paper it isargued that before we design such languages
for planning we must be able to evaluate their quality. In
other words, we must clear for what purpose the languages
are to be used, and by what criteria the languages' effective-
ness are to be judged. Here some criteria are set down for
languages used for theoretical and practical purposes respec-
tively. PDDL is evaluated with respect to them, with differ-
ing results depending on whether PDDL'’s purpose is to be a
theoretical or practical language. From the results of these
evaluations some conclusions are drawn for the development
of standard languages for Al planning.

I ntroduction

Good planning agorithms are hard to devise, but fairly easy
to evaluate; on the other hand, modelling languages are
fairly easy to devise, but hard to evaluate. Language ex-
tension is similar: it is relatively easy to add arbitrary fea-
tures to a language, but adding the tools to manipulate the
enhanced language, or perfecting a semantic definition of
the extension, is much more difficult. Having devised alan-
guage!, how can we evaluate it's quality? One way is to
use practical methods. Experiments can be set up to test the
effectiveness of alanguage, using engineersin a controlled
environment. Thisis atime consuming and costly business,
however, and the tests are prone to extraneous variables as
people act differently when on their own to when they are
being experimented on.

For reasons such as these, more analytical methods of
evaluating languages are popular. This involves generat-
ing alist of criteria, usually called design criteria, that have
been devised when considering the purpose of the language.
Sometimes these criteria are well developed a priori, and
sometimes old languages are subject to being eval uated with
new criteria. A well-used language does not necessarily
mean it will score highly on a desired set of criteria; it may
be that one feature of the language makes it uniquely us-

It is assumed in this paper that the languages considered are
for domain models input to a planner, rather than ‘plan’ languages
used to represent the output of aplanner.
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able by a community. That feature may be that it is sim-
ilar to a set of languages it was designed to replace, mak-
ing it easy to migrate to. Or as another example, consider
the old language FORTRAN V. It was well respected by
engineers of mathematical applications because of its com-
pilers efficiency and its wealth of mathematical primitives.
But given it should embody desirable software engineering
criteria such as strong typing and structured programming
then it was quite obvious that it scored poorly. Thus lan-
guages like FORTRAN were either re-invented (hence envi-
ronments such as’MatLab’) or they evolved to score higher
against the new criteria (hence FORTRAN 77 with its struc-
tured control constructs).

In this paper | discuss the kinds of criteria against which
an Al planning language might be judged, making a dis-
tinction between them depending on the purpose of the lan-
guage. | apply them to version 1.2 of PDDL, and draw some
conclusionsfor the future development of planning language
standards.

Criteriafor Evaluating Languages

The study of languages for machine as well as human con-
sumption (ie ones that people have to manipulate or under-
stand in some way) encompasses three aspects. syntax, se-
mantics and pragmatics. A fundamental question about a
language arises when considering these three aspects: is it
goingto be used theoretically or isit going to be used gener-
ally by people to encode complex algorithms or knowledge?

Theoretical formal languages. Considering theoretical
languages, in computer science we have the Lambda Cal cu-
lus, the Pi-Calculus, the Turing Machine, first order logics
etc. They are often used to theorise about concepts (e.g.
sequential or concurrent computation), or are used as the
meaning domain for the semantical definition of practical
languages. Considering the well-known languages which
are used in theoretical research, theintrinsic criteria that un-
derlietheir success appear to be the following:

e (1) simple, clear, precise syntax and well-researched se-
mantics
For example, in Lambda Calculus the syntax is defined in
afew BNF rules, with syntactic sugar being added when
needed. The semantics have been studied in depth: for
example, recursive functions in Lambda Calculus have a



clear and precise operational semantics (using conversion
rules and normal order reduction) and fixed point seman-
tics. Research has showed that these two kinds of seman-
tics co-inside.
o (2) adequate expressiveness

Can thelanguage adequately represent the range of itstar-
geted application domains? For Lambda Calculus this
is the domain of computable functions, and it is a well

known (though unproven) conjecture that it is adequate
for this.

e (3) clear mechanismsfor reasoning

Can a user (perhaps with tool support) reason with parts
of aformulain the language? In Lambda Calculus one
uses the conversion rules to transform one expression into
another, equivalent expression.

Applied formal languages: Theoretical languages, how-
ever, tend to have little or no pragmatic features. At the
other extreme are forma languages which have complex
syntax which support many useful pragmatic features. For
example we have Javain the field of programming, Z in for-
mal specification of software, RML in requirements mod-
elling (Greenspan et al. 1994) or (M L)? in knowledge-
based systems (van Harmelen et al. 1996). Often, prag-
matic features are present at the expense of clarity. For ex-
ample, the amount of extra syntactic baggage employed by
JAVA tends make it much less clear that the older, smpler
PASCAL programming language. In Al planning there are
a spectrum of languages between these two extremes. Some
planning systems require complex practical-oriented fea
tures in their input languages, such as hierarchicaly struc-
tured objects and operators (M cCluskey 2000), or Condition
Types (Tate et al. 1994); some researchers need to use an
input language that minimally models the dynamics of the
domain, for example when exploring the theoretical com-
plexity of planning (e.g. (Bylander 1991)).

| now consider some criteria that have been found useful
for evaluating the pragmatic aspects of formal languages. A
quite general framework for the evaluation of languages and
their environmentsis Green’s Cognitive Dimensions (Green
2000). This involves using a set of criteria as 'discussion
points to focus on the various dimensions of a language,
and may result in an informal evaluation (Green admits his
method in not analytic, and the dimensions are not mutu-
aly independent). He devised fourteen criteria which have
been used to evaluate various types of language and envi-
ronments, including theorem proving assistants, UML and
programming languages. Although these criteria have been
quite widely used, they have been successful for languages
which are embedded in an environment rather than a lan-
guage itself. Some of these criteria are aimed at the visual
aspects of environments in which the language is embed-
ded. Thusthey would be better applied to a planning know!-
edge acquisition environment than the language used to rep-
resent the knowledge only. However, | have extracted and
enhanced three criteria which are particularly related to the
language itself, and have been used elsewhere in the litera-
ture:
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¢ (4) maintenance (also referred to as hidden dependencies
or locality of change)
After changing one part of the notation, will this have any
invisible knock-on effects on other parts? Do changes to
apart of amodel just have alocal effect, or will they have
global connotations? Can the model be easily and consis-
tently updated to reflect changes? (from the viewpoint of
maintenance, it is desirablethat all changes have minimal
global effects).

e (5) closeness of mapping / customisation
How natural is the mapping between the domain and the
model? how small is the ‘semantic gap’ ? |s the language
customisable in some sense so that it can fit in well with
applications?

Sincethereisawholerange of assumptionsinvolvedin plan-
ning which may or may not hold in an application (for ex-
ampleto do with action duration, resources, closed world) it
may be that the modelling language will have “variants’ to
deal with different assumptions. Related to thisis the need
to have "hooks' in the language to allow extension: if the
scope or depth of requirements of the domain are increased,
can the formalism be likewise extended?

e (6) error-proneness:

does the design of the language discourage errors, or are

there any parts where it is hard to avoid errors? Is the

construction of domain models error prone in a particular

way?
Criteria (4) - (6) are analogous to those used to evalu-
ate programming languages: (4) reflects the idea that lan-
guages should embody structures to promote loose cou-
pling between sub-parts, and strong coherence. The ‘ob-
ject’ in object-oriented programming scores highly in this
respect, as implementations of object behaviour are insu-
lated from other parts viathe object interface. (5) reflectsthe
dominance of ‘high-level’ languages - those that are more
problem-oriented than machine oriented, and are equipped
with user-defined structures for customisation. Finaly, (3)
has influenced programming language design in order to
eliminate common errors, for example, languages which are
not strongly typed are particularly prone to errors resulting
from variable misuse and misspelling.

To investigate more criteria we use Van Harmelen et a’s
evaluation of (M L)?, aformal KBS specification language,
and hence relevant to Al planning languages. They use six
criteria to evaluate this formal language used for formalis-
ing KADS expertise models (van Harmelen et al. 1996).
Although objectiveness may be compromised when a group
sets out their own criteria for evaluating their own product,
the criteria they use are clearly worked out in response to
considering the purpose of the language. They use criteria
similar to those above (in particular (1), (4) and (6)), as well
asthe following:

e (7) reusability

Can models or parts of models be easily reused to con-
struct models for new domains?

e (8) guidelines and tool support



Isthere auseful method to follow to build up amodel, and
are there tools to support this process?

With respect to the last point, in all areas in computer sci-
ence involving some kind of non-trivial knowledge cap-
ture, methods have been developed to support this. For
example in formal specification of software there is the B
method(Schneider 2001), or in the acquisition of knowl-
edge for KBS there is the KADS method (Wielinga et
al. 1992), and some methods have aso been developed
for acquiring Al planning knowledge (Tate et al. 1998;
McCluskey & Porteous 1997). The method will give a set
of ordered stepsto be carried out in order to capture and de-
bug the domain model, thus guiding the knowledge engineer
throughout the process. Ideally, thetoolswill be availablein
an integrated environment, and will support the steps in the
method. Using the structure of the model language, the tools
should be ableto provide powerful support for statically val-
idating, analysing and operationalising the model.

Finaly, | draw on the guidelinesfor the design of domain
model languages as recorded in the Knowledge Engineering
for Al Planning Roadmap (McCluskey et al. 2003). This
was written in the context of planning domain modelling,
with the purpose of the language being to assist the process
of knowledge acquisition and domain model validation. The
criteriaincluded several similar to those discussed above (in
particular (1), (2), (5), (8)), and additionally the following:

e (9) structure

It should provide mechanismsthat allow complex actions,
complex states and complex objects to be broken down
into manageabl e and maintainable units. For example, the
dynamic state of a planning application could be broken
down into the dynamic state associated with each object.
On this structure can then be hung ways of checking the
model for internal consistency and completeness.

e (10) support for operational aspects
The language’s framework should include a set of prop-
erties and metrics which can be evaluated to assess a
model’s operationality and likely efficiency. It should be
possible to predict whether the model can be translated to
an efficient application, and what kind of planner should
be used with the model.

To sum up, the criteria for practical formal languages
are based around the idea that the structure of the language
should support initial model acquisition and debugging, and
subsequent model maintenance and re-use. Also, although
criteria (1) - (3) are aimed specifically for theoretical lan-
guages they are often thought desirable for practical lan-
guages also.

Design Criteriafor a Planning Language

What arethe design criteriafor an Al planning language? As
mentioned above, it depends for what purpose the language
is set, and a particular concern iswhether the languageisfor
theoretical or practical use. In the case of PDDL, this’ pur-
pose’ seems to have grown and changed as the language is
used more widely. From the initial PDDL report(AIPS-98
Planning Competition Committee 1998), it appears that the

language was designed to represent the syntax and seman-
tics of domain models that were currently available to the
authors, and that were used as input languages to many of
the published planners of the time. Not all planners were
expected to use all PDDL's features, and on the other hand
planners were expected to have requirements that would
mean a user extending PDDL in a controlled way. Itsinitia
purpose, therefore, appears to have been as a communica
tion language - a basic common denominator for planners
of the STRIPS-tradition at the time so that (@) they could
be compared in competition and (b) problem sets could be
shared and planning algorithms independently validated. In
thisrespect, asacommunication languageit has clearly been
successful.

Nowadays the Planning Domain Definition Language is
sometimes described as a’ modelling language’, which has
quite different ramifications than its originaly expressed
purpose. If its purposeis to support theoretical study, eg to
help compare the capabilities of new planning algorithms,
then it should be evaluated with respect to a restricted set
of criteria such as (1) - (3). If its purpose (now) is to be
apractical language, to help an engineer accurately and ef-
ficiently encode an application domain into a planning do-
main model then additionally it should be subject to evalua-
tion by arange of the criteriasuch as (3) - (10).

Evaluation of PDDL with respect to stated
criteria

In PDDL we have a family of languages to suit planners
with different capabilities. The basic requirement in PDDL
is “:strips’ which indicates the underlying semantics of the
language worlds are considered as sets of situations (states),
where each state is specified by stating alist of all predicates
that are true. Firstly, | evaluate the language using criteria
(2) - (3) given above. | concentrate here on version 1.2 of
the language, and remark on the extensions | ater.

Clear syntax and semantics. Thesyntax isclear and pre-
cisely defined within the manual, and parsing tools that em-
body this definition are publically available. The seman-
tics of PDDL version 1.2, however, areinformal and appear
to be distributed among the manual itself, the pre-existing
languages/systems that PDDL replaced (eg ucpop), PDDL's
language processors, and the LISP interpreter. Although the
fact that PDDL’s syntax is LISP-like appears a superficial
observation, the meaning of several of the primitive func-
tionsis given in terms of LISP functions. For example, the
manual often relies on the reader using his intuition (p9:
‘Hopefully, the semantics of these expressionsis obvious').
As the language becomes more complex, then the natural
language semantics are less obvious (for example, consider
the meaning of domain axioms and their relationship with
action definitions on page 13 of the manual). These ex-
tensions need to be defined precisely, as if two systems use
these extensions, then they ought to do so in a uniform way,
otherwise the standard is not preserved.

Adequate expressiveness. That PDDL a very expressive
language for a range of planning applications has been



shown by the range of problem domains used in competi-
tions and in benchmark sets. Further, the ability to change
some of the environmental assumptions is also present, al-
though the semantics of some of these extensions is not
clear.

Clear mechanismsfor reasoning: A domain definitionin
PDDL isa‘model’ in the sensethat we have arepresentation
that can be used to perform operations in the same manner
that occur in the domain; and that there is a well-known op-
erational semanticsfor constructsinthemodel. The declara-
tive features of the notation - pre- and post-conditions, logic
expressions, and named objects within the model which cor-
respond directly to named objects in the domain, make rea-
soning about the notation feasible. However, problemsto do
with semantics, particularly to do with its extensions, restrict
the success of this language with respect to the criterion.

Summary

In terms of the criteria for a language used for theoretical
purposes, PDDL scores well on some aspects. There are
problemswith the lack of aclear semantics but these tend to
be more to do with the non-basic parts such as the domain
axioms. Also, the temporal and resource extensions of ver-
sion 2.1 seem to have addressed the semantic issues more
thoroughly (Fox & D.Long 2001).

PDDL: a modelling language?

Here | briefly evaluate PDDL using (3) - (10), the criteria
reserved for languages aimed at practical application.

structureand error-proneness. PDDL has features such
as “:timeless' - which allow the statement of static knowl-
edge, and ‘:domain-axioms' which allow left-to-right rules
that form invariants on situations. A domain definition is
structured into componentsby Keywordse.g. :constants :ac-
tions etc. A special keyword is :requirements which tells a
process which blend of PDDL features are used in the do-
main definition. Further, the manual devotes several pages
to a hierarchical action notation; unfortunately, perhaps re-
lated to the fact that it was not subsequently used, version
2.1 of PDDL excludes this. On the negative side, whereas
PDDL (v1.2) has features for hierarchically structuring ac-
tions, it does not have sufficient features for giving structure
to objects or states. Further, the language lacks structures
for setting up internal consistency criteria such as the com-
pleteness or validity of world states or actions.

maintenance and re-usability: PDDL'’s declarative form
makes adding and changing operators a local task, and re-
using operators in new domains feasible. The ‘:extends
feature allows a form of modularisation - one can import
previously written components into a new model. However,
no help is given in dealing with the natural dependency of
actions on each other: the requirement that pre-conditions
should be achievable by the execution of other actions or
theinitial state causes global interference and is the cause of
many errors when defining domains.
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guidelines and tool support: there are parsers, solution
checkers and domain analysis tools available publically, but
PDDL was not designed to be associated with a method
for model building. This one point alone seems to make it
currently ineffective as a practical ‘ modelling language’ for
complex applications.

closeness of mapping / customisation: Clearly PDDL's
encodings shares the same “high level’ aspects as do propo-
sitional encodings in general. Also, one can pose domain
axioms to model invariants in the domain. Reflecting do-
main structure (as mentioned above) by for example creat-
ing composite objects is not possible. Customisation does
appear to be addressed in PDDL with features such as
“:requirements where fundamental assumptions about the
model of the domain can be set.

support for operational aspects. The PDDL manual
makes it clear that this area is not one that fits in with
PDDL’'s aim - to model the physics of a domain. It does
recommend a convention by which such extensions can be
made in a controlled way, such that the model with the ex-
tensions stripped away will make sense to a pure PDDL in-
terpreter.

Summary

For a language whose initial purpose was one of domain
model communication, and which aspired to include only
feature which capture dynamics, PDDL has in fact several
features to help domain builders. These include HTN op-
erators, domain axioms, modularisation through the ‘ex-
tends' keyword etc. On the other hand, it fails to meet
the criteriais in not being associated with a model build-
ing method, and in its lack of structure for objects, pred-
icates and states. Structuring devices are present in sev-
eral modelling languages (e.g. DDL.1 (Cesta & Oddi 1996;
McCluskey & Porteous 1997)); these allow the state-space
of objects to be modelled independently of the actions, and
hence are useful in removing errors from action representa-
tions.

Conclusions

Both to help the Planning field mature, and to help engi-
neers apply the technology, language conventions have to
be achieved. The requirements of the future Semantic Web
in particular will demand a common model for planning
knowledge. This paper has argued that before conventions
are devised there must first be an agreement on the purpose
of alanguage, and secondly a set of criteria to be used to
help form and devel op the language.

Two broad purposes for an Al planning domain language
were outlined - one as a theoretical device, to be used for
exploring the properties of planning algorithms, and oneasa
practical language, to be used to help an engineer efficiently
and accurately encode an application domain.

| performed an initial evaluation of PDDL with respect to
the criteria formed from both purposes, with mixed results.
The evaluation leads me to the following conclusions:

e instandardising aform of PDDL for theoretical purposes,



more attention needs to be devoted to precisely defining
its semantics, and that of any of its extensions,

e in standardising a form of PDDL for practical domain
model building, then more structure, guidelines and tool
support is required.

For thefuture, | feel that the community needsto settle on
the purpose of PDDL, decide on the criteriathat can be used
to evaluate PDDL's quality, and perform a thorough evalua-
tion using the language' smost recent version. Thiswill lead,
| believe, to asound path for its future devel opment.
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Abstract

One reason why autonomous processes have not been offi-
cialy incorporated into PDDL isthat there is no agreed-upon
semantics for them. | propose a semantics with interpreta-
tions grounded on a branching time structure. A model for a
PDDL domain isthen simply an interpretation that makes all
its axioms, action definitions, and process definitions true. In
particular, a process definition is true if and only if over ev-
ery interval in which its condition istrue, the processis active
and all its effects occur at the right times.

The Semantics Problem for PDDL

In (Fox & Long 2001a), Maria Fox and Derek Long pro-
posed extensions to PDDL for describing processes, that is,
activities that could go on independent of what the executor
of plans did. They also described a semantics for processes
in terms of hybrid automata (Henzinger 1996). Their pro-
posal was not adopted by the rules committee for the third
International Planning Competition, mainly because most of
the members preferred to focus on the narrower extension to
“durative actions,” actions that took a nonzero amount of
time. Another potential reason is that the semantics of pro-
cesses were so complex that no one really understood them.

A semantics for al of PDDL is hard to lay out, for a
couple of reasons. One is that the requirement-flag system
turns it into a family of languages with quite different be-
havior. For instance, the : open-wor | d flag transforms the
language from one in which not ishandled via*“negation as
failure” into god-knows-what. To sidestep this complexity, |
will make avariety of simplifying omissions and deliberate
oversights:

o | will ignore the possibility of action : expansi ons.

o Therewill be no formalization of thefact that propositions
persist in truth value until some event changes them.

o :vars fieldsin action and process definitions will be left
out.

o | will assume effects are simple conjunctions of literals.
There are no secondary preconditions (“: whens") or uni-
versally quantified effects.

¢ | won't discuss durative actions. They can be defined in
terms of processes, as discussed by (Fox & Long 2001b)
and (McDermott 2003).
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¢ Fox and Long (Fox & Long 2001b) alow for “events,
which occur autonomously, like processes, but are instan-
taneous, like primitive actions. | won't discuss these, al-
though they present no particular problem.

o Except for the presence of autonomous processes, we'll
stay inthe“classical milieu,” and in particular assume that
the planner knows everything about the initial situation
and the conseguences of events and processes. There's
no nondeterminism, and no reason to use sensors to query
the world.

The Structure of Time

It'sfairly traditional (McDermott 1982; 1985) to think of an
action term as denoting a set of intervals; intuitively, these
are the intervals over which the action occurs. To make this
precise, we have to specify what we mean by “interval.” A
dateisapair (r, i), wherer isanonnegative real number and
i isanatural number. A situation is a mapping from propo-
sitions to truth values. A date range function is a function
from real numbers to natural numbers. A situation contin-
uumisapair (C, h), where h is adate range function and C
isatimeline, that is, a mapping from

{{(r,4) | r € nonnegativerealsand 0 < i < h(r)}

to situations. If dy = (r1,i1) and do = (ra,i2), thend; <
do ifry < rgorry = ryandi; < is. A date <7“,d> isin
(Cyh)ifr>0and0 < d < h(r). A situation s isin (C, h)
if thereexistsadate d in (C, h) such that C(d) = s.

The intuitive meaning of these definitions is that at any
point  in time there can be a series of zero or more actions
taken by the target agent (i.e., the hypothetical agent that
executes plans). The range function says how many actions
are actualy taken at point r in that continuum. Each action
takes an infinitesimal amount of time, so that “just after”
time r there can be an arbitrary number h(r) of actions that
precede al time points with times ' > r. (This picture is
reminiscent of nonstandard analysis (Robinson 1979).)

Using this framework, a purely classical plan might be
specified by giving an action A(%) for al dates (0, ¢) where
i < h(0), and h(0) is the length of the plan. The plan is
feasibleif A(0) isfeasiblein theinitial situation, and A(: +
1) isfeasiblein C'(0,4). The plan achievesagoa G if G is
true in C(0, ~(0)). It may sound odd to imagine the entire



plan being executed in zero time, but time is not a factor in
classical planning, so aplan might aswell take no time at all
to execute, or h(0) x dt if you prefer. In what follows, | will
use the dt notation to denote an infinitesimal time interval,
i.e., thetime from (r, ) to (r,7 + 1). If date d = (r, ), then
d+dt = (ri+1).

If we broaden our ontology to allow for autonomous pro-
cesses, then plans can have steps such as“turn on the faucet,”
and “wait until the bucket isfull.” We can use situation con-
tinua to model bursts of instantaneous “classical” actions
separated by periods of waiting while processes run their
course. A plan may even call for the target agent to do noth-
ing, but smply wait for processesthat are activein theinitial
Situation to solve a problem. In that case h(r) = 0 for all r.

A closed situation interval in continuum (C', h) isapair of
dates [dy, da](c,py With dy and dy both in (C, h). (The sub-
script will be omitted when it is obvious which continuum
we're talking about.) Informally, the interval denotes the set
of al situationsin (C, h) withdatesd suchthat d; < d < ds.
The interval is nontrivial if d; < do. We aso have open
and half-open situation intervals defined and written in ex-
act analogy to the usual concepts of open and half-open in-
tervals on thereals.

A Notation for Processes

Fox and Long, in (Fox & Long 2001a), suggested a nota-
tion for autonomous processes. | propose adightly different
one, which | believe is clearer and somewhat easier to for-
malize. A processis declared using a syntax similar to that
for actions. (This notation is part of an overall reform and
extension of PDDL called Opt. The Opt Manua (McDer-
mott 2003) lays out the whole language and describes other
features of processes that I've omitted in this discussion.)

<process- def >
::= (:process <nane>
: paraneters
<typed list (variable)>
<process-def body>)
<process-def body>

:condition <goal proposition>]
:start-effect <effect proposition>]
ceffect <effect proposition>]
:stop-effect <effect proposition>]

—_———— e

The syntax <typed |ist (variable)> refers to the
PDDL notation exemplified by (x y - Location r -
Tr uck) , athough here again the full Opt language alows
several extensions.

The informal semantics of a process are simple: When-
ever the: condi ti on of the processistrue, the process be-
comes active. It has immediate effects spelled out by its
:start-effect field and the: ef f ect field. These take
timedt. The start-effects occur once, but the through-effects,
i.e., those specified by the : ef f ect field, remain true as
time passes. As soon as the process's condition becomes
false, the through-effects become false and the stop-effects
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(described by the : st op- ef f ect s field) occur, again tak-
ing time dt.

The contents of : ef f ect field of aprocess definitionisa
conjunction of one or more propositions of the form

(derivative $x$ $d$)

where x and d are numerical fluents, that is, objects of type
(Fl uent Nunber).! So for a process's effects to remain
true is for various quantities to change at the given rates.
Therates are not constantsin general, so we can express any
set of differential equationsin this notation.

A formal specification of the semantics of processes is
given by detailing the truth conditions of a process defini-
tion, that is, the constraints mandated by the definition on
situation intervals over which the process is active. This
specification must fit with an overall semanticsfor plansand
facts.

| said above that a plan might be described by listing the
times when actions occur, but I'm actually going to describe
plans in terms of the method language of Opt. The full
method language is rather different from PDDL's, but I'm
going to stick to a subset that is close to what PDDL alows.
The grammar of plansissimply

P::=A

| (seq P ...PR)

| (parallel Py ...P,)
A .= actionterm

| (wait-while p)
| (wait-for ¢ p)

where p is a process term and ¢ is an inequality that p pre-
sumably affects. An example planis

Plan A =
(seq (parallel (turn-on faucetl)
(plug-up outletl))
(wait-for (>= (level tubl)
(cm 30))
(filling tubl)))

Herefi |l |i ng isdefined as a process thus:

(:process filling
:paranmeters (b - Tub)
:vars (f - Faucet | - Qutlet)
:condition (and (faucet-of f b)
(outlet-of | b)
(faucet-on f))
ceffect
(and (when (plugged-up 1)
(derivative
(level b)
(constant (cnfsec 2))))
(when (not (plugged-up |))
(derivative
(level b)
(constant (cnmsec 1))))))

and the actions are defined thus:

1| capitalize types such as Nurrber and type functions such as
Fl uent .



(:action turn-on
:paranmeters (f - Faucet)
ceffect (faucet-on f))

(:action plug-up

:parameters (I - outlet)

ceffect (plugged-up |))
Obviously, these are al ssimplified for expository purposes.
One apparent simplification isthat we provide no method for
the target agent to test whether thelevel int ub1 hasreached
30 cm. But in our classical framework, there is no need for
such a method; the agent knows exactly when the level will
get to that point.

What we want our formal semanticsto tell usisthat Plan
A is executed over any situation interval [(rq,41), (r2,0)]
inwhich (turn-on faucet1) and(pl ug-up outletl)
occur at times (r1,41) and (ry, 4, + 1) (in either order), and
the level of t ubl is < 30 cm at time r; and reaches 30 cm
a time ro. It is also executed over any situation interval
[(r1,41), (r1,%1 +2)], wherethet ur n- on and p! ug- up ac-
tions are executed as before, and where (| evel tubl) >
30cmat ry.

The Formal Semantics
I nter pretations of Domainswith Processes

An interpretation of a domain D is a tuple (Uy, T, Io),
where Uy is a function from type symbols in D to sets of
objects called subuniverses; T' is a set of situation continua;
and [, is afunction from the non-type symbols of D to ob-
jects in the subuniverses. If Iy(s) = v, and s has type T,
then it must be the case that v € Uy (7).

Uy must obey the following constraints:

Up(Voi d) =0

Uy (Bool ean) = {true, false}
Uo (I nt eger ) = the set of al integers

(

Up(Nunber) = the set of all real numbers. | treat
integers as a subset of the reals, not an alternative
datatype

Uop(Situation) =
{s | For some (C,h) € Tand date d, C(d) = s}

Wewant to extend U to afunction U that gives the mean-
ing of all type expressions, and I, to afunction I giving the
meaning of all formulas and terms. To extend Uy, we need
the notion of a tuple, of which Opt distinguishes two vari-
eties, Tup-tuples and Ar g-tuples. The former are like lists
in Lisp, the latter like ordered n-tuples in mathematics. The
difference is that Tup-tuples can be of any length, includ-
ing 0 and 1, while Ar g-tuples have to have length at least
2. An Ar g-tuple (x) of length 1 isidentical to z. An empty
Ar g-tupleisimpossible, so weidentify the type ( Ar g) with
Voi d, the empty type. In this paper we need only Ar g-
tuples, so | concentrate on those.

Both kinds of tuples have designators with named fields,
asin
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(Arg num - Integer &rest strings - String)

but in the Arg case the names are there only because
an Arg expression often does double duty as defining a
tuple and declaring local variables in an action or pro-
cess. The subuniverse denoted by (Arg num - I nteger
&rest strings - String) is

{ <7’a S1y -
which, not surprisingly, is the type of arguments to a an ac-
tion declared thus:

(:action name
:parameters (num - | nteger
&rest strings - String)
»)

The labels are simply ignored when determining the deno-
tation of the type. We can replace each label with a“don’t
care” symbol (“_") or omit them entirely. Note that if 7 is
atype U((Arg 7)) = U(7). (I will use the term Ar g-
type for expressions such as the one following the keyword
: par anet er s even though the Ar g flag is missing.)

We extend U to tuples by making U (( Tup . ..) ) denote
aTup-tupleand U ((Arg ...) ) denotean Ar g-tuple assug-
gested by these examples. | won't try to fill in the messy
details.

Using Ar g-tuples, we can give a meaning to the type no-
tation (Fun 7. <- 7,) of functions from domain type 74
to range type 7. The domain type 7, isin general an Ar g-
tuple,and U((Fun 7. <- 73)) =U(7q) @ U(7:).

Thetype (Fl uent 7) isan abbreviation for (Fun = <-
Situation). Prop, for “proposition,” is an abbreviation
for (Fl uent Bool ean) . Predicates have types of the form
(Fun Prop <- ...).

Recall our intuition that action and process terms denote
sets of intervals. For thisto be the case, the subuniverse that
the denotation resides in must be the powerset of a set of
intervals, written pow(S).

There are four kinds of event type, and hence four types
of sets of interval sets to contemplate: no-ops, skips, hops,
and slides:?

1. Ski p: The type of all actions that take one infinitesimal
time unit:

U(Ski p): pOW({[(r, d>a <Ta d+ 1>}(C,h)
1(C.h) e Tandd + 1< h(r)})
= pow({[d, d + dt]c,ny | (C,h) € T})

2. Hop: The type of al actions that take more time than a
Ski p:

U(Hop) = pow({[(d1, d2)](c,n)
| <C, h> eT, d17d2 arein <C, h>7
andthereisadin (C, h)
suchthat d; < d < da})

.., Sn) | iisaninteger and each s; isastring}

2In the full Opt implementation, events can have values as well
as effects, so we can distinguish, say, ( Ski p | nt eger) from
(Skip String). What | write as Ski p in this paper would
actually be written ( Ski p Voi d) in Opt, meaning a Ski p that
returns no value.



3. no-op: A constant whose value is the only element of
subuniverse

U((Con no-op)) = {{[d,d]cn | disin(C,h) € T}}

that is, the singleton set whose only element is the set
of al zero-duration closed situation intervals in 7. The
name of this type is (Con no-op) . Unlike the others,
this subuniverse is not the powerset of anything.
| define U (St ep) to be U(( Con no-op) ) U U(Ski p) U
U(Hop).

4. Slide: The type of autonomous processes. A process
must take noninfinitesimal time, so

U(Slide) = pow({[(r1,71), (r2,2)](c.n)
| (C,h) € Tandry < ra})

We also assume that every expression in Opt istyped. In
all our examples imagine a superscript giving the type of
the expression, with the proviso that al the type labels are
consistent. For instance, the formula

(parallel (turn-on faucetl)
(plug-up outletl))

with type annotations would be
(parall el (Fun Action <- (Arg &rest Action))
(turn- on(Fun Action <- Faucet)
f aucet 1FaucetyAction
(pl ug- up( Fun Action <- Qutlet)
out | et 1Qut! '3t)ACt [ On)Act ion

The annotations in this example are consistent because
whenever f is labeled (Fun 7 <- «), thenin (f a) a
is of type o and (f a) is of type . The proper-typing
requirementavoids absurd formulas like (i f 3 (= (not
"a"))). In the implementation, finding a consistent typ-
ing is a mostly automatic process, which is not relevant to
this paper.

We can now state very simply how to extend I, to I,
which assigns a denotation to every (properly typed) term
of the language. I takes two arguments, aterm and an envi-
ronment, which is atotal function from variables to ordered
pairs (v, y), where y is asubuniverse.

o If sisasymbol, I(s™, E) = Iy(s) € U(7).

o If xisavariable, I(27, E) = v iff E(z) = (v,U(7)) .
e For afunctional term,
I(( f(Fun 7 < a) ai...a?) ", E)=v

iff
((I(ay', E), ... I(az", E)),v)
Gf(f(Fun ; <- 03 JE)
(which ispossible onIy if
Ul))®...0U(a,) CU(a))

Because f can be an arbitrary function symbol, we don’t
need special rulesto give the meaningsof (if p q),(= a
b) , and such. We just need to stipulate that some symbols
have the same meaning in al interpretations:

o In(if)=(\(z,y)(A(s) z(s) =falseor y(s) = true))

o Iy(=) = (A (=, y)(A\(s) z = y))
e ... and so forth

In general, the type of a predicate symbol P is(Fun Prop
<- «a) for some q, recalling that Pr op is the type of func-
tions from situations to booleans. We can take i f to be
just another predicate, whose argument typeis (Arg Prop
Prop). I(if) must then be a function from situations to
Booleans, which yields true when its first argument yields
false or its second yields true in that situation. Although |
use \ here, it's just a shorthand for a set of ordered pairs.
| could have said {{(x,y),{(s,b) | b = trueiffx(s) =
falseor y(s) = true})}

The denotation of “=" isaconstant function on situations;
two objects are equal only if they are always equal. The
equality tester that tests whether two fluents have the same
valuein asituation iscalled f | =, with denotation

o Ip(f1=)=(A(f1,f2)(A(s) fi(s) = fa(s)))
The denotation of an action term or a process term must
be a set of intervals:

For every primitive action function f, that is, every
symbol f definedby an: act i on definition Io(f) must
beof type (Fun Skip <- a).
For every process function f, that is, every symbol f
defined by a : process definition, Io(f) must be of
type(Fun Slide <- a).
In both cases, « is the Ar g type from the : par anet er s
of the definition.
I'll deal with domain-dependent functions in a later sec-
tion. The meanings of seq and paral | el are defined in
every domain thus:

o Io(seq)
=(A(a1,...,an)
{[do, d. ] Ch)
[(C.h)eT
and theree><|$1 datesdy,...,d,
suchthatfor j =1,...,n,
[dj—1,d;] € a;
andd,, =d.})
e [y(parallel)
= ()\(al,... an)
{ldv, de](c,ny
| (C, h> eT
thereisafunction s :[1,...,n]

— dituation intervals,
suchthatfor j =1,...,n,
5() = [djn. dya i m € o
and d, < djl < d <d,
and for some jy, j. € [1,...,n],
s(is) = [dy, dy,2)
and 5(]@) = [djel7 de])
Another symbol that must have a standard meaning is
derivati ve:
e Up(derivative)

=U((Fun (Fluent Nunber) <- (Fluent Number)))



e Ip(derivative)=

Y
(X (s) if thereisad such that
(foral (r,i,C, h)
if (C,hy €T, s=C(r,i), h(r) =1
and thereisan »’
suchthat r < r’
andfor all v, r < 7" <o/
h(r")y=0
then f+(C)(r) = d),
then d
else0))

where fT(C) isthe “right derivative” of f in timeline C
measured at time r, that is, the function of time whose
value at ¢ isthelimit as At — 0 of

fFO)(r + At) = F(O)(r)
At

This will require a bit of explanation. The same situa-
tion can occur in more than one continuum of 7. So we
first define the derivative at a*“situation occurrence,” that is,
a date (r,i)(c,py. The derivative can be meaningfully de-
fined only if there is an open interval after (r, ) such that no
discrete events occur during that interval — i.e, h(r) = i
and h(r"”) = 0 for al timesr” in that interval. In that case
(A (t) f(C(t,0))) isan ordinary function of time over that
interval, which may have aderivative. The derivative of that
function we denote by f(C).

The remaining detail to fill in isto switch from situation
occurrences to situations by requiring f*(C)(r) to have the
same value for all occurrences of C(r, ). Actualy, it might
be reasonable simply to require that this be the case, because
it follows from the Markov property, that what happens start-
ing in a situation depends only on what's true in that situa-
tion, assuming the target agent doesn’t interfere. For now,
| don’t impose that requirement, but it will usually follow
trivialy from the axioms of a domain.

Important note: Even though the numerical value of the
derivative in s is defined in terms of timelines in which no
actions happen, the derivative still hasavalue at adate (r, i)
in atimeline (C, h) in which an action, or even a series of
actions, occurs at (r,i), so long as C(r,i) = s. You can
think of (derivative f) asthe rate a which the quan-
tity f would change starting at s if it were undisturbed. In
some timelines, the disturbance may be sufficient to cause
the derivative to disappear At after the current situation, that
is, at C(r,i + 1), butitisstill well defined at s.

Truth and Models

Asusual, wewant to defineamodel to be an interpretation of
adomain’s language that makes al its axioms true. Because
propositions change truth value from situation to situation,
we must amend that to: A model of a PDDL domain is an
interpretation (U, T, I) that makes all axioms true in all
situations and environments.

For ordinary axioms, we simply translate an axiom A

91

from the: axi omsyntax of PDDL to the traditional syntax,

yielding A’, and then test whether I(A’, E)(s) istruefor all

environments F and situtations s in (C, h). We use the tra-

ditional specification of the interpretation of quantified for-

mulas:

e I((forall (z - a) PPfOP) E) = p, an object from
subuniverse

situations (T") ® {truefalse}

such that p(s) = trueif and only if I(P, E')(s) = truefor
every environment E’ that differsfrom E, if at all, only in
assigning a different value, drawn from U («), to variable
z. (Thatis, E'(z*) = (v, U(«)) for somewv € U(a).)
e Dual formulafor exi st s left asan exercisefor the reader.
In addition to axioms, we must require that an interpreta-
tion make action and process definitions true. I is extended
to an action definition thus:
o I((:action q{Fun Skip <- o)
:paraneters r¢
:precondition p
effect ePTOPy,

Prop

E)
=true
if and only if
fordl (C,h) €T,
and every E’ that differsfrom E,
if at al, only in the assignments
of the variablesin r,
andal d; = (r,i) andds = (r,i+ 1) in (C, h),
if 1(pPrOP E')(C(r,i)) = true
and <I re, E/), [dlde](C,h>> € I()(a)
then I(e™" OP E')(C(r,i+ 1)) =true
In other words, the action definition is true if whenever T
says the action occurs and that its preconditions are true,
the effect is true. In this definition, o is an Ar g type, and
I(r~, E') refersto an instance of the Ar g-tuple obtained by
substituting its variables as specified by F’.
We also need the following condition

o For al pairs of action terms a>¢' P £ oK1 P all time-
lines (C,h) € T, and al environments E; and Es, if
[dy,dy + dt}(c,h) € I(a1, F1) and [da,dsy + dt](c,m €
I(as, E5), then d; # dy. In other words, no two actions
occur over precisely the sameinfinitesimal (“skip”) inter-
val.

This condition enforces an interleaving interpretation of

concurrency. Two actions can occur at the same time, but

they must till be ordered.
The truth condition on process definitions relies on the
following definition:
With respect to an interpretation (U, T, I)
and an environment F,
aninterval [dy, da](c py is@
maximal slidein (C', h) over which p istrue

30pt allows you to use the traditional syntax for axioms, which
isalot less cumbersome that PDDL'’s.



if and only if

[dl, dg] isadide,
andforall d,d; < d < ds
I(p, E)(C(d)) =true,
and thereisady < d; such that
foral d,do < d < dy
I(p, E)(C(d)) = false,
and thereisads > ds such that
foral d,ds < d < ds
I(p, E)(C(d)) = false
To preserve flexibility, the definition doesn’t say what the
truth value of p isat d; or d». So the interval over which p
istrue can be open or closed.
Finally, figure 1 shows truth condition for processes. This
condition may appear more complex than one would expect,
because a conceptua “if and only if”:

A process occurs over an interval if and only if that
interval isamaximal slide over whichits: condi ti on
istrue.

has had to be broken into an “if” clause and an “only if”
clause, to allow the process's boundaries to differ infinitesi-
mally from the boundaries of the maximal slide. The reason
for this dop is to enforce another interleaved-concurrency
congtraint:

e For dl pairs of process terms p; # po, al time
lines (C,h) € T and dl environments E; and Es, if
I(p1, E) = [dy1,de1](c,ny @d I(p2, E) = [dy2, dea)(o,n)
then dy; # dpe and d.1 # de2. In other words, no two
processes begin or end at precisely the same moment.

The interpretation of the “wait” actions can now be spec-
ified:
o Ip(wait-while)=

(A (p) {[d1, da](c,n)
| either thereisadlide [py, pe] € p
such that p, < dy < p. and ds = p,
or thereisno such dideand d; = ds})

o Ih(wait-for)=

(A (g:p) {[d1, d2)(cn)
| thereisadlide [pp, pe] € p
such that p, < dy < ds < pe
and d, isthefirst datein [dy, pe](c,n)
suchthat ¢(C(d)) = true})

Although there are many details to be fleshed out, we can
summarize with this definition:

A model of a PDDL domain D is an interpretation
(Up, T, Ip) of the symbols in D such that for every
variable-binding environment £

* For every axiom A and every date (r,i) in (C, h) €
T,I(A,E)(s) =true.

* and For every processor action definition P, I (P, E)
=true.
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where [ isthe extension of I, outlined above, respect-
ing the interleaving constraints and the required defini-
tions of symbolssuch asderi vati ve and seq.

Assessment

| have been thinking about the logic of processes for along
time (McDermott 1982). The contents of this paper are ba-
sicaly afurther refinement of those ideas.

The only other attempt | know of to add autonomous pro-
cesses to PDDL is the proposal by Fox and Long (Fox &
Long 20014) for the AIPS 2002 Planning Competition. The
syntax of their notation differs from mine only in detail.#
The semantics they propose is very different. They base
it on the theory of hybrid automata (Henzinger 1996), so
that to every domain and initial situation there corresponds
an automaton. Finding a plan is finding a path through the
states of the automaton. The main virtue of their approachis
also its main defect: They are determined to preserve finite-
ness properties exploited by many planning agorithms, es-
pecially that there are only a finite number of plan states,
and that the branching factor at each plan state isfinite. The
states of the hybrid automaton are all possible sets of ground
atomic formulas in the language. For the state set to be fi-
nite, atomic formulas with numeric arguments must be sep-
arated out and treated in a special way. The whole apparatus
becomes quite unwiel dy.®

| believe that maintaining finiteness properties required
by some current planners should be rejected as a constraint
on domain-description languages. If some problems cannot
be solved by some planners, so be it. It would be better
to make it the responsibility of any planning system to de-
cide whether a problem is beyond its scope. Of course, re-
quirements flags can provide a broad-brush portrait of what
a planner must be able to handle in order to solve a prob-
lem, so it’s important to keep the set of flags up to date as
the language evolves. But it’s asking too much for PDDL to
fit the capabilities of some set of existing planners exactly.
In thefirst planning competition, there were loud votes for a
: 1 engt h field to be included in every problem description,
specifying a bound on the length of a solution, because sev-
eral systems had to guess alength in order to get started. We
reluctantly acceded to that demand, but the : | engt h field
has since been taken out on the grounds that it's an arbitrary
hint to a specia class of planners. Trying to base the se-
mantics of PDDL processes on finite-state hybrid automata
strikes me as an even worse accommodation to the needs of
a " special-interest group.”

Thereisan important issueraised by (Fox & Long 2001a),
namely, how do you check the correctness of a problem so-
lution when real numbers are involved? A complete answer
is beyond the scope of this paper, but | believe the semantic
framework laid out here lends itself to the idea of “ approxi-

*Which means it will be the subject of bitter and unending de-
bate before the next competition!

5] should acknowledge the regrettable fact that a specification
of the formal semantics of anything is generally clear only to the
person that wrote it, so my proposal is probably as opaqueto Maria
and Derek astheirsisto me.



I((: process o(Fun Slide <- «q)
:paranmeters r¢
- condi ti on pP OP
cstart-effect bPTOP
ceffect eP'OP
- stop-effect wP'OPy,

E)
=true
if and only if

foral (C,h) € T,
and every E’ that differsfrom E,
if at al, only in the assignments
of the variablesin r,
and every interval [dy, ds] in (C, h)
Whered1 = <T17i1> and dy = <T2,i2>,
@ If (I(r, E'), [d1, da](cny) € Lo(a)
then there isamaximal slide [(r1,4s1), (2, is2)](c,ny Over which p istrue
with respect to (U, T, I) and E’
suchthat ig; < 7p and iz < ig
and I(bPTOP E')(C(ry,i1 + 1)) = true
and I(wP"OP, E")(C(ry, iy + 1)) = true
and
(b) If [d1, d2] isamaximal slide over which p istrue
with respect to (U, T', I) and E’
then thereare dates dy = (r1,4,1) and di = (ra,ip2),
such that <I(Taa E/)a [dlh dl2](C,h>> € IO(G‘)
and ipl > 1 and ’ipg > 19
and (I(r®, E'), [dy, d5]) € Io(a)
and I(bPTOP E')(C(ry,ip1 + 1)) = true
and I(wPrOP E')(C(ry,ipy + 1)) = true

Figure 1. Truth Condition for Process Definitions
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mate simulation” of a plan. The exact dates at which events
occur is not important as long as every step the planner takes
is feasible when it takes it, and the plan simulator stopsin a
state where the goal condition istrue. If a problem includes
an objective function, we evaluate it in that final state. The
value may be dightly different from the true mathematically
attainable minimum, but all we requireisthat it be compara-
ble to the results obtained by other planners. The only tricky
part is how to deal with equalities in process specifications.
If the : condi ti on of a process includes a formula ( not

(= z y)), thenthe process stops when x equals y. Finding
the precise instant when that occurs is usualy impossible.
To fix this problem, all the planner has to do is convert the
“=" goal relationshiptoa“>" or “<" by observing whether
x < yorx > y when the process starts, and do the best
job it can of finding the earliest time when the new inequal-
ity becomes true. A similar trick will work for determining
whentheaction(wait-for (= z y) p) ends.

There is aso the easily overlooked issue of plan execu-
tion. The assumption that actions take infinitesimal time is
of course absurd when applied to a physically possible ac-
tion. Obviously, there must be some temporal grain size ¢
specified to the executor such that any action must take less
than ¢, and every process must take more than e. Otherwise,
the domain model is simply inappropriate.

Finaly, it should be noted that, because action and pro-
cess definitions have truth conditions, they can be “reverse
engineered” to yield formulas with the same truth condi-
tions. These would not be legal PDDL axioms, because
they would have to mention multiple situations explicitly,
whereas PDDL axioms refer implicitly to one and only one
situation. However, to trandate PDDL to Kif (?), which has
no built-in action-definition syntax, these axioms could be
very useful. There existence also makes it clear that PDDL
isnot “predicate calculus + actions”; it'sjust “ predicate cal-
culus + useful macros for writing action-definition axioms.”
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Abstract

We present an extension of PDDL for modeling stochastic
decision processes. Our domain description language allows
the specification of actions with probabilistic effects, exoge-
nous events, and actions and events with delayed effects. The
result is alanguage that can be used to specify stochastic de-
cision processes, both discrete-time and continuous-time, of
varying complexity. We also propose the use of established
logic formalisms, taken from the model checking community,
for specifying probabilistic temporally extended goals.

Introduction

A standard domain description language, PDDL (McDer-
mott 2000; Fox & Long 2002b), for deterministic planning
domains and the biannual International Planning Competi-
tion, first held in 1998, have resulted in a large library of
benchmark problems enabling direct comparisons of differ-
ent deterministic planners. For the 4th International Plan-
ning Competition to be held in 2004, there are plans to in-
clude a track for probabilistic planners. This will require
a domain description language for specifying probabilistic
planning domains. In this paper, we propose such a domain
description language that in many ways can be seen as an
extension of PDDL.

We start by introducing a PDDL-like syntax for spec-
ifying actions with probabilistic effects, which alows us
to define Markov decision processes (MDPs). We then
go on to introduce exogenous events, as well as actions
and events with random delay. The result is a domain de-
scription language that can be used for specifying a wide
range of stochastic decision processes, from MDPs to gen-
eralized semi-Markov decision processes (GSMDPs). A
GSMDP can be viewed as the composition of concurrent
semi-Markov decision processes (SMDPs), and captures the
essential dynamical structure of a discrete event system
(Glynn 1989).

A discrete event system consists of a set of states .S and
a set events £. At any point in time, the system occupies
some state s € S. The system remains in state s until the
occurrence of an event e € FE, a which point the system
instantaneously transitions to a state s’ (possibly the same
state as s). Our domain description language can be used
to specify both continuous-time and discrete-time discrete
event systems. By including the process concept from level
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5 of PDDL+ (Fox & Long 2002a), we could also specify
stochastic hybrid systems, but that is beyond the scope of
this paper.

As a formalism for specifying probabilistic goal con-
ditions we propose PCTL (Hansson & Jonsson 1994) for
discrete-time domains and CSL (Baier, Katoen, & Her-
manns 1999) for continuous-time domains. This permits
the specification of planning deadlines and maintenance and
prevention goals, in addition to the traditional achievement
goals. The benefit of using established logic formalisms for
goal specification is that we can take advantage of recent
developments in probabilistic model checking for efficient
plan verification.

We |leave the representation of plans open. The sole focus
of this paper is the representation of probabilistic planning
domains.

Actionswith Probabilistic Effects

An important aspect of stochastic decision processes is that
actions can have probabilistic effects. We adopt a model
of stochastic actions that is a variation of factored proba-
bilistic STRIPS operators proposed by Dearden & Boutilier
(1997). A stochastic action a consists of a precondition ¢
and aconsequenceset C = {cy, .. ., ¢, }. Each consequence
¢; hasatrigger condition ¢; with a corresponding effectslist
& = (i, Ei;...5p,, Bi,), where E isaset of literalsand
p} € [0,1] isaprobability associated with the jth literal set.
We require that 2521 pi=1.

Semantics

In order for an action with precondition ¢ to be applicable
in a state s, ¢ must hold in s. A dtate is a set of atoms
that hold and bindings of functional expressions to rational
values. We propose that executing an action ¢ whose pre-
condition is not satisfied be given the meaning that a has no
effects (cf. Kushmerick, Hanks, & Weld 1995), instead of
thisbeing aviolation as is the case for deterministic actions
in PDDL. The precondition ¢ can in this way be viewed as
afactored trigger condition common to all consequencesin
C. The semantics of stochastic actions can then be stated as
follows.

When applying a stochastic action a = (¢, C) to a state
s, an effect set is selected for each consequence ¢; € C.



Let (i) € [1, k;] denote the index of the selected effect set
for ¢;, with z(¢) being a sample of a random variable X;
such that Pr[X; = j] = p}. Let the acting effect set for a
conseguence ¢; be

Fi E; i

E! @ = { 0 (7)
The acting effect set for action a is then the union of acting
effect setsfor the consequences:

E= U E;(i)
=1

We divide £ into disjoint sets: £ representing positive lit-
erals, £~ representing negativeliterals, and E* representing
effects updating value bindings for functional expressions.
The result of applying the stochastic action « to the state s
isastate s’ with atoms (atoms(s) \ {p: ~p € E~}) UET
and bindings of functional expressions to values updated in
accordance with £,

We require that consequences with mutually consistent
trigger conditions have commutative effects. This means
that the successor state is the same after applying an action
to a state s regardless of the order in which the acting effect
sets of enabled consequences are applied to s.

Consequencesin our stochastic action model isclosely re-
lated to action aspectsin the model of Dearden & Botilier.
Each consequence ¢; = (¢;, &;) of an action with precondi-
tion ¢ corresponds to an action aspect with discriminant set
{p A pi,=(6 A ¢;)} and effectslists €; and (1, ). The con-
dition that mutually consistent discriminants taken from dis-
tinct aspects of an action have effects lists with no common
atoms corresponds to our requirement of commutative ef-
fects for consequences with mutually consistent trigger con-
ditions.

otherwise

Syntax

Stochastic actions can be specified by extending the PDDL
syntax for action effects with a probabilistic construct in-
spired by Bonet & Geffner (2001). Figure 1 shows the pro-
posed extension. The syntax we propose does not allow
nested probabilistic statements in effects lists or conditional
effects inside probabilistic statements, which isin line with
the design decision for PDDL 2.1 to disallow nesting of con-
ditional effects. Such language constructswould not add any
EXpressiveness.

Asit stands, there is a clear correspondence between the
syntax and the representation of stochastic actions intro-
duced above. An effectslist is specified as

P, Ek,) -
The above statement also represents a consequence with a

trigger condition ¢; = true. Consequences with non-trivial
trigger conditions are specified using conditional effects:

(when ¢; (probabilistic pi Ei ... pi, Ei))
Figure 2 gives a specification in the extended PDDL of

the stochastic move action used by Dearden & Botilier as
an example. A statement such as

(probabilistic p¢ Ei ...
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<d-effect>

(and <effect>*)

(forall (<typed list(variable)>) <effect>)
(when <G> <d-effect>)
(probabilistic <prob-eff>+)
<a-effect>

<probability> <a-effect>

(and <p-effect>*)

<p-ef fect>

(not <atomic fornula(term>)
<atomic fornmula(term>

(<assi gn-op> <f-head> <f-exp>)
Any rational number in theinterval [0, 1].

<effect>
<effect>
<effect>
<effect>
<d-effect>
<d-effect>
<prob- ef f>
<a-effect>
<a-effect>
<p-ef fect>
<p-ef fect>
<p-effect> :
<probability> ::=

Figure 1: PDDL extension for probabilistic effects.

(:action nove
:paraneters ()
reffect (and (when (office)
(probabilistic 0.9 (not (office))))
(when (not (office))
(probabilistic 0.9 (office)))
(when (and (rain) (not (unbrella)))
(probabilistic 0.9 (wet)))))

Figure 2: Specification of stochastic move action in proba-
bilistic PDDL.

(probabilistic 0.9 (wet))

with the probabilities not adding up to 1 is meant as a syn-
tactic sugar for

(probabilistic 0.9 (wet) 0.1 (and)),

where (and) represents an empty effect set.

Numeric effects can be used in combination with prob-
abilistic effects, although this could result in a stochastic
process with an infinite state space. We therefore propose
the introduction of a bounded integer type, (i nt eger low
high) , in addition to the standard PDDL type, nunber , for
functional expressions. This provides a straightforward way
of ensuring afinite state space. For example,

(integer 0 10))

effectively defines an integer state variable power, € [0, 10]
for each object z in the domain.

(:functions (power ?x) -

Expressiveness

For now, we assume a simple discrete model of time, where
time is progressing in unit steps with each state transi-
tion (execution of an action). We can model discrete-time
Markov decision processes (MDPs) using stochastic actions
as defined in this section. Later on we will consider richer
time and action models that will allow us to model more
complex stochastic decision processes.

Exogenous Events

Boutilier, Dean, & Hanks (1999) make a distinction between
implicit-event models where the effects of the environment
arefactored into the representation of stochastic actions, and
explicit-event models where change caused by the environ-
ment is modeled separately from change caused by actions
selected for execution by the decision maker. We have so far
only provided the means for specifying implicit-event mod-
els. It is sometimes convenient, however, to model environ-
mental effects separate from effects of consciously chosen



actions. For this purpose we introduce the notion of an ex-
ogenous event, e = (¢, C), having the same structure as a
stochastic action.

Semantics

An exogenous event e is given the same semantics as a
stochastic action, except that the triggering of e is beyond
the control of the decision maker. When in a state s, any
action chosen for s and all events with a precondition ¢ that
holdsin s are applied to s, producing a successor state s’ at
the next time step.

With exogenous events in the domain model it becomes
possible to have an action and one or more exogenous events
triggering within the same unit time interval, and the succes-
sor state s’ can then depend on the order in which the action
and the events are applied to the current state s. We could
require events and actions that can be enabled simultane-
ously to be commutative, meaning that the successor state
is independent of the order in which the events and actions
are applied to s, but it would be hard for a domain designer
to adhere to this requirement when constructing a large do-
main with many exogenous events. Instead we choose to
assign an equal probability to al orderings of enabled event
and actions in a state. So, for example, if an action adding
the atomic proposition a and an event deleting a is enabled
inastate s, thenthereisa0.5 probability of a holding in the
next state.

Boutilier, Dean, & Hanks (1999) consider other ways of
dealing with simultaneity, but these typically requiring ad-
ditional information from the domain designer. The fact,
though, is that simultaneity almost always is an artifact of
using a discrete-time model for an inherently continuous-
time stochastic process, and the probability of two events
triggering at exactly the same time becomes zero if we work
directly with a continuous-time model.

Syntax

We propose using the same syntax for specifying exoge-
nous events as stochastic actions, except that the keyword
:event isused instead of : acti on. The: event keyword
wasintroduced inlevel 5of PDDL+ (Fox & Long 2002a) for
the specification of deterministic events, and our exogenous
events can be viewed as stochastic extensions of PDDL+
level 5 events.

We can break the stochastic move action in Figure 2 into
an action modeling intended effects and an exogenous event
modeling environmentally triggered effects. Figure 3 shows
how this would be done.

Expressiveness

The addition of exogenous events does not add to the ex-
pressiveness of our specification language: we can still only
model discrete-time MDPs. At thispoint it is merely added
for the convenience of the modeler, but once we consider
more complex processes we will see that the effects of ex-
ogenous events cannot in a reasonable way be factored into
the effects of actions.
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(:action nove
:paraneters ()
ceffect (and (when (office)
(probabilistic 0.9 (not (office))))
(when (not (office))
(probabilistic 0.9 (office)))))

(:event make-wet
:paraneters ()
:precondition (and (rain) (not (unbrella)))
ceffect (probabilistic 0.9 (wet)))

Figure 3: Partial specification of explicit-event model in
probabilistic PDDL.

T
s O

Figure 4: State-transition model for executing the stochastic
move action of Figure 3.

Delayed Actions and Events

Consider the stochastic move action of Figure 3in isolation.
Figure 4 shows the state-transition model for executing this
action both when in the office and when not in the office.
The stochastic move action is executed at every time step
and has a 0.9 probability of succeeding each time. The time
spent in a state before the action succeeds is a random vari-
able with a geometric distribution G(0.9). Instead of think-
ing of the stochastic move action as being executed at every
time step, we can think of it as being executed once in each
state but with a delayed effect. The delay isin this case a
random variable with distribution G(0.9). Figure 5 shows
the state-transition model for a delayed move action, where
probability distributions instead of probabilities are associ-
ated with each state transition.

A delayed action a isatriple (¢, C, F'(t)), where ¢ isthe
enabling condition of a, C is the consequence set of a de-
fined in the same way as for stochastic actions, and F'(t)
is the cumulative distribution function (cdf) for the delay
from when a is enabled until it triggers. We require that
F(0) = 0, meaning that an action must trigger strictly after
it becomes enabled. Delayed exogenous events are defined
analogously. A regular stochastic action (exogenous event)
can be viewed as a delayed action (event) with a cdf satis-
fying the condition F'(1) = 1, i.e. it always triggers within
one time unit from when it is enabled,but with no additiona
assumptions being made regarding the shape of F'(t).

G(0.9)
@@
v
G(0.9)

Figure 5: State-transition model for executing a delayed
move action.



<del ayed- action-def> ::= (:del ayed-action <nane>
:paraneters (<typed |ist<variabl e>)
:del ay <del ay-distribution>
[:condition <GD>]
[:effect <effect>])

(:del ayed-event <name>
:paraneters (<typed |ist<variabl e>)

<del ayed-event -def> ::=

:del ay <del ay-di stribution>
[:condition <GD>]
[:effect <effect>])

<del ay-di stribution> ::= Anydistribution st. Pr[delay < 0] = 0.

Figure 6: PDDL extension for delayed actions and events.

Semantics

For now, let us assume that all delay distributions are mem-
oryless. We will consider general delay distribution in the
next section. The probability distribution of a random vari-
able X ismemorylessif Pr[X > ¢t + At|X > t] = Pr[X >
At] for @l t,At > 0. For an action a with a memory-
less delay distribution this means that if a has been enabled
for ¢ time units without triggering, then the remaining de-
lay has the same distribution as if a had just been enabled.
The geometric distribution mentioned earlier in this section
is a memoryless distribution, and so is its continuous ana-
log: the exponential distribution. The semantics of delayed
actions and events with memoryless delay distributionsis as
follows.

Assume we are entering state s at time¢. Any action cho-
sen by the decision maker to be enabled in s and all events
with a condition ¢ holding in s race to trigger first. Let e*
be the event or action with the shortest delay in s and let d*
be the delay of e* in s. We then get the successor state s’ at
timet + d* by applying e* to s. An action or event enabled
in s may still be enabled in s/, but this is inconsequential
when all delay distributions are memoryless. If an action or
event did not trigger in s and is not enabled in s’, then that
action or event is ssimply canceled. If multiple events or ac-
tions have minimum delay d* in s, then all those events and
actions are simultaneously applied to s to produce s’ at time
t+d*.

Syntax

The proposed syntax for specifying delayed actions and
eventsis given in Figure 6. Delayed actions can be viewed
as a stochastic variation of the deterministic durative actions
available in PDDL+. A delayed action with a determinis-
tic delay distribution D(x) and enabling condition ¢ corre-
sponds to a durative action with duration z, invariant con-
dition ¢, and effects associated with the end of the durative
action.

Figure 7 shows the partial specification of an explicit-
event model with delayed actions and events.

Expressiveness

By just considering memoryless delay distributions, we are
nevertheless only able to model MDPs. With geometric de-
lay distributions we have a discrete-time MDP, while with
exponential delay distributions we have a continuous-time
MDP. Moreover, exogenous events still do not add expres-
siveness asthey can easily be factored into the representation
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(:del ayed-action nove
:paraneters ()
:delay (geonetric 0.9)
ceffect (and (when (office)
(not (office)))
(when (not (office))
(office))))

(: del ayed- event nake-wet
:paraneters ()
:delay (geonetric 0.9)
:precondition (and (rain) (not (unbrella)))
ceffect (wet))

Figure 7: Partia specification of explicit-event model with
delayed actions and events.

(:del ayed-action nove
:paraneters ()
:delay (geonetric 0.99)
:effect (and (when (office)
(probabilistic 10/11
(not (office))))
(when (not (office))
(probabilistic 10/11 (office)))
(when (and (rain) (not (unbrella)))
(probabilistic 10/11 (wet))

Figure 8: Partial specification of implicit-event model with
delayed move action.

of actions. We can combine all actions and events enabled
in astate s into one single action.

For adiscrete-time model, let G(p;) be the distribution of
theith action or event enabled in astate s. The probability of
at least one action or event triggering in s after one time unit
isp=1-—T],(1 — p;), and the probability of the ith action
or event triggering after one time unit given that something
triggersis p; /p. We can therefore represent all actions and
events enabled in s with a single action having delay distri-
bution G(p), and with the effects of the ith action or event
weighted by p; /p. Figure 8 shows the implicit-event repre-
sentation of the action and event in Figure 7.

A similar transformation of an explicit-event model to an
implicit-event model can be made for continuous-time mod-
els. Let E();) be the delay distribution of the ith action or
event enabled in a state s, with A; being the rate of the ex-
ponential delay distribution. The rate at which some action
or event triggersin s is A = >, \;, and the probability of
the 4th action or event triggering before any other action or
event is \;/A. We can use this information to construct a
single action representing all actions and events enabled in
s. Part of a continuous-time explicit-event model is given
in Figure 9 and the corresponding implicit-event model is
givenin Figure 10.

General Delay Distributions

Although memoryless distributions can be used to ade-
quately model many real-world phenomena, they are many
times insufficient for accurately capturing certain aspects of
stochastic processes. Hardwarefailure, for example, is often
more accurately modeled using a Weibull distribution rather
than an exponentia distribution (Nelson 1985).

Figure 11 shows an example domain with genera de-
lay distributions for actions and events. Here, we have
associated a uniform delay distribution with the move ac-
tion and a Weibull distribution with the make-wet event.



(:del ayed-action nove
:paraneters ()
:del ay (exponential 3)
ceffect (and (when (office)
(not (office)))
(when (not (office))
(office))))

(: del ayed- event nake-wet
:paraneters ()
:del ay (exponential 2)
:precondition (and (rain) (not (unbrella)))
ceffect (wet))

Figure 9: Partial specification of continuous-time explicit-
event model with delayed actions and events.

(:del ayed-action nove
:paraneters ()
:del ay (exponential 5)
:effect (and (when (and (office)
(rain) (not (unbrella)))
(probabilistic 0.6 (not (office))
0.4 (wet)))
(when (and (office)
(or (not (rain))
(unbrella)))
(probabilistic 0.6
(not (office))))
(when (and (not (office))
(rain) (not (umbrella)))
(probabilistic 0.6 (office)
0.4 (wet)))
(when (and (not (office))
(or (not (rain))
(unbrella)))
(probabilistic 0.6 (office)))))

Figure 10: Partial specification of continuous-time implicit-
event model with delayed move action.

The state-transition model for the action and event con-
sidered separately is depicted in Figure 12. Each state-
transition model corresponds to a semi-Markov process
(SMP; Howard 1971). However, when viewing the domain
model as a whole—as the composition of concurrent SMPs
(Figure 13)—we have what is called a generalized semi-
Markov process (GSMP; Glynn 1989).

GSMPs differ from SMPs in that the delay distribution of
an enabled event can depend not only on the current state
but on the entire path taken to that state. Consider the state-
transition model in Figure 13. Assume that we start out not
being in the office and not being wet (upper right state). The
move action and the make-wet event are both enabled. Say
that the make-wet event happens to trigger before the move
action after having been in the current state for 3 time units,
causing atransition to the lower right state where the move

(: del ayed-action nove
:paraneters ()
:delay (uniformO 6)
ceffect (and (when (office)
(not (office)))
(when (not (office))
(office))))

(: del ayed- event nake-wet
:paraneters ()
cdelay (weibull 2)
:precondition (and (rain) (not (unbrella)))
ceffect (wet))

Figure 11: Partial specification of continuous-time explicit-
event model with general delay distributions.
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U(o, 6)

Figure 12: State-transition model for move action (above)
and make-wet event (below).

u(o, 6)
office /\ -office
-wet -wet
‘ U(o, 6) ‘
iW(Z) iW(Z)
; u(o, 6) ;
office /\ -office
wet wet
u(o, 6)

Figure 13: Composite state-transition model for move action
and make-wet event.

action is still enabled. Because the move action already has
been enabled for 3 time units in the previous state without
triggering, the delay distribution for the move action in the
new state isin effect U(0, 3). If, on the other hand, we had
entered the lower right state by executing the move action
when being wet in the office (lower | eft state), then the delay
distribution of the move action would have been U (0, 6).
This history dependence occurs because we are not using
memoryless distributions.

Generalized Semi-M arkov Processes

GSMPs, first introduced by Matthes (1962), have thefollow-
ing components:

o A set S of states.
o A set F of events.

For each state s € S, aset E(s) C E of eventsenabled in
S.

For each pair (s, e) € S x E(s), aprobability distribution
p(s’; s,e) over S giving the probability of the next state
being s’ if event e triggersin state s.

For each event e, acdf F'(¢; ¢), st. F(0;¢e) = 0, giving the
probability that e hastriggered ¢ time units after it waslast
enabled.



A generalized semi-Markov decision process (GSMDP) is
a GSMP with a subset of £ being controllable events (i.e.
actions).

By alowing general delay distributions, we can specify
GSMDPs using the proposed extensions of PDDL. The pre-
conditions of actions and events determinethe sets E(s), the
probability distributions p(s’; s, e) can be derived from con-
ditional probabilistic effects, and the distributions F'(¢; e)
correspond directly to the delay distributions of actions and
events.

The semantics of a GSM(D)P is best described in terms
of discrete event simulation (Shedler 1993). We associate a
real-valued clock c(e) with each event e € E that indicates
the time remaining until e is scheduled to occur. The system
starts in some initial state s with events E(s) enabled. For
each enabled event e € E/(s), we sample a duration accord-
ing to the cdf F'(¢; e) and set c(e) to the sampled value. Let
e* be the event in E(s) with the shortest duration, and let
¢* = ¢(e*). The event e* becomes the triggering event in s.
When e* triggers, we sample a next state s’ according to the
probability distribution p(s’; s, e*) and update the clock for
each event e € E(s’) enabled in the next state as follows:

o If e € E(s)\ {e*}, then subtract ¢* from c(e).

o If e & E(s)\ {e*}, then sample anew duration according
tothe cdf F(¢; e) and set ¢(e) to the sampled value.

An event enabled in s but not in s’ will have its clock re-
set next time it becomes enabled. The first condition above
highlights the fact that GSM(D)Ps are non-Markovian, as
the durations for events are not independent of the history.
The system evolves by repeating the process of finding the
triggering event in the current state, and updating clock val-
ues according to the scheme specified above.

Summary of Expressiveness

Figure 14 shows the hierarchy of stochastic decision pro-
cesses that can be specified using our proposed probabilis-
tic extension of PDDL. The most general classis GSMDPs,
which allow for concurrency, general delay distributions,
and probabilistic effects. A GSMDP is an SMDP if no ac-
tion or event can be enabled in consecutive states without
triggering, and it is an MDP if al delay distributions are
memoryless (Glynn 1989).

With general delay distributions, there is no longer an
easy way to factor the effects of exogenous events into the
effects of actions. The delay distribution of the combined
action would be the distribution of the minimum of the in-
dividual delay distributions. The minimum of exponential
distributions with rates \; is simply an exponential distribu-
tion with rate . \;, but for general distributions there is
typically no simple distribution for the minimum. Neither is
it in general possible to obtain a closed-form expression for
the probability of aspecific event triggering first. Exogenous
events is therefore more than just a modeling convenience
once we alow general delay distribution.

A GSMDP can be approximated with an MDP by approx-
imating each general delay distribution with a phase-type
distribution. Figure 15 shows two commonly used phase-
type distributions. The phase of each approximating distri-
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concurrency
genera delay distributions
probabilistic effects

general delay distributions
probabilisitc effects

memoryless delay distributions
probabilistic effects

-

Figure 14: A hierarchy of stochastic decision processes.
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(b) A two-phase Coxian distribution.

Figure 15: Examples of phase-type distributions.

bution becomes part of the state-space for the MDP, which
potentially can lead to state-space explosion. It is therefore
desirable to approximate ageneral distribution with aphase-
type distribution having few phases, while still matching at
least the first three moments of the general distribution (Os-
ogami & Harchol-Balter 2003).

We can model both discrete-time and continuous-time
stochastic decision processes. German (2000) discusses
techniques for approximating a continuous-time Markov
process with a discrete-time Markov process that can be
used in case a discrete-time model is preferred.

Probabilistic Planning Problems

A probabilistic planning problem is commonly specified as
an initial state sq (or initial distribution over states), a set
of goa states G, and a probability threshold p. A plan
is considered a solution to a problem if the set of paths
from s, to statesin G' has probability p’ > p (Farley 1983;
Blythe 1994; Goldman & Boddy 1994; Kushmerick, Hanks,
& Weld 1995; Lesh, Martin, & Allen 1998). Drummond &



Bresina (1990) suggest the need for maintenance and pre-
vention goals, in addition to goals of achievement tradi-
tionally considered in probabilistic planning, and propose
a branching temporal logic for specifying temporally ex-
tended goals. Dean et al. (1995) embrace a similar view,
but take a decision-theoretic approach with goals encoded
using utility functions.

We propose a definition of probabilistic planning prob-
lems closely related to that of Drummond & Bresina, adopt-
ing PCTL (Hansson & Jonsson 1994) and its continuous-
time analog CSL (Baier, Katoen, & Hermanns 1999) as a
logic for specifying probabilistic temporally extended goals.
We define aplanning problem asaninitial state sq and aCSL
(PCTL) formula ¢, and asolution is aplan that makes ¢ true
In sg.

Probabilistic Temporally Extended Goals
The syntax of CSL (PCTL) isdefined as

¢ = true’aM) A | =¢|Poap (¢ U='¢) |Poap (9 U B)

where a is an atomic proposition, p € [0,1],t € R>q (¢t €
Z> for PCTL), and i€ {>, >}.

Regular logic operators have their usual semantics. A
probabilistic formula P, (p) holds in a state s if and only
if the set of paths starting in s and satisfying the path for-
mulap isp’ and p’ < p. A path of a stochastic processis a
sequence of states and holding times:

to

to t1
g=8)—>8 —> 8 — ...

A path formula ¢; U= ¢y (“time-bounded until”) holds
over a path o if and only if ¢, holds in some state s; such
that 3°'¢ ¢; < t and ¢, holdsin all state s; for j < i. The
formula ¢, U ¢ (“until”) holds over a path ¢ if and only if
1 USt ¢y holds over o for somet > 0.

We can derive other common logic and path operators, for
example:

false =—true
$1V 2 =(2d1 A —2)
Prap (<>§t ¢) =Pup (true Uust gb)
P> p (01 WS ¢o) ==Ps 1y (—62 US" (1 V ¢2))
Psp (01 WS ¢2) =P 1-p (m2 USE (1 V 62))
Poap (O ¢) =Pocp (¢ WS false)

Intuitively, ©=t ¢ (“eventually”) holds if ¢ becomes true
withint time units, ¢; W<t ¢, (“weak until”) holdsif either
¢1 remains true for ¢ time units or ¢, becomes true within ¢
time units with ¢, holding until then, and O=* ¢ (*continu-
ously”) holdsif ¢ continuously holdsfor ¢ time units. These
path operators can be defined without a time-bound in an
analogous way.

Table 1 gives a few examples of goals that we can ex-
press using PCTL/CSL. In addition to regular achievement
goas, we are able to specify goals with deadlines, safety
constraints over execution paths, maintenance goals, and
prevention goals.
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Relation to Decision-Theoretic Planning

We can encode a probabilistic goal Pyq,, (91 U ¢2) for ade-
cision process M asaMarkovian reward function for amod-
ified decision process M’. This is done by making every
state for which —¢1 Vv ¢ holdsin M absorbing in M’ and
assigning reward onein M’ to those states that satisfy ¢- in
M. All other states are assigned reward zero. The expected
total undiscounted reward for M’ then equals the probabil-
ity of ¢1 U ¢ holding in M. For atime-bounded formula
Poap (¢1 US! ¢2), thetime-bound servesasaplanning hori-
zon.

Bacchus, Boutilier, & Grove (1996; 1997) use PLTL, a
past-tense variation of thelinear temporal logic (LTL; Emer-
son et al. 1990), to specify desired plan behavior, and asso-
ciate rewards with PLTL formulas. This enables the speci-
fication of non-Markovian rewards. A similar approach is
suggested by Thiébaux, Kabanza, & Slaney (2002), who
present a formalism for expressing non-Markovian rewards
adapted to anytime solution methods.

Decision Epochs

For discrete-time M DPs decision epochs occur at every time
point, meaning that the decision maker is allowed to select
an action for execution at regular intervals of unit length. If
we count movements from a state to itself as state transi-
tions (caused by thetriggering of an event with no effectson
the current state), then we can say that decision epochs for
discrete-time MDPs occur after every state transition.

A natural extension of this decision model to continuous-
time and non-Markovian decision processes is to have deci-
sion epochs occur only at state transitions. Thisisthetypical
decision model for SMDPs (Howard 1971), and is aso the
model used by Younes, Musliner, & Simmons (2003) for
GSMDPs.

Alternatively, we could allow policies that associate with
each state s an action selection function (s, t), with the
currently enabled action being a function of the time since
the last state transition. This decision model is, for exam-
ple, used by Doshi (1979). Decision epochs occur at every
point in time with this model, making the number of deci-
sion epochs uncountable for continuous-time decision pro-
CESSES.

Plan Verification

Given a plan 7, a stochastic domain model M, and a plan-
ning problem (sg, ¢), we accept 7 as a solution if ¢ holds
in sq for the stochastic process M controlled by 7. We can
take advantage of recent developments in probabilistic veri-
fication to verify if aplanisasolution to aplanning problem.

Interest in verification of probabilistic systems has been
on the rise in the last ten years. Symbolic methods for
probabilistic verification of discrete-time (Hansson & Jons-
son 1994) and continuous-time (Baier, Katoen, & Hermanns
1999; Baier et al. 2000; Katoen et al. 2001) Markov pro-
cesses have been proposed. PRISM (Kwiatkowska, Nor-
man, & Parker 2002a; 2002b) isafast symbolic probabilistic
model checker for both PCTL and CSL formulae.



Goal description

Formula

reach office with probability at least 0.9

P> 0.9 (< office)

reach office within 5 time units with probability at least 0.9

P> 0.9 (O=F office)

reach office with probability at least 0.9 along paths where the recharging
station can be reached within 17 time units with probability at least 0.5

P>o0.9 (772 0.5 (<>—17 recharging) u oﬁice)

maintain stability for at least 8.2 time units with probability at least 0.7

Ps>or (D§8.2 stable)

avoid becoming wet with probability at least 0.8

,PZ 0.8 (D —|W€t)

Table 1: Probabilistic goals expressible in CSL and PCTL.

Model checking algorithms for more complex models
have been proposed by Infante L 6pez, Hermanns, & Katoen
(2001) (SMPs) and Kwiatkowska et al. (2000) (stochas-
tic timed automata with clocks governed by general distri-
butions). While verification of CSL properties without a
time-bound is no harder for SMPs than for Markov pro-
cesses, the proposed symbolic methods for verifying time-
bounded properties of more general processes rely on tech-
niques that are prohibitively complex, and for GSMPs no
symbolic methods exist at all.

Younes & Simmons (2002) have developed an efficient
sampling-based approach to verifying time-bounded prob-
abilistic properties of general discrete event systems. For
GSMPs without any restrictions on the class of delay distri-
butions that can be used, there are currently no alternatives
to sampling-based approaches. Without exhaustive sam-
pling, we can never be certain that the result returned by
a sampling-based approach is correct, but Younes & Sim-
mons use statistical hypothesis testing techniques to bound
the probability of an incorrect verification result.

Discussion

We have presented an extension of PDDL for modeling
stochastic decision processes of varying complexity. Our
representation of actions with probabilistic effects is in
essence the same as that of Dearden & Boutilier (1997). In
this paper we have tied this representation to a PDDL-like
syntax. We have also extended the representation of stochas-
tic actions to include actions with random delay, which al-
lows us to specify SMDPs and GSMDPs.

We have extended the classical representation of proba-
bilistic planning problems by using PCTL and CSL for spec-
ifying goals. This allows us to express, for example, dead-
lines and maintenance and prevention goals in addition to
the traditional achievement goals. We have discussed work
in probabilistic model checking that could be utilized for ef-
ficient plan verification.

The focus of this paper has been on the representa
tion of planning problems and not on the representation
or generation of plans. Much of the work in proba
bilistic and decision theoretic planning assumes an MDP
model. Boutilier, Dean, & Hanks (1999) provides an ex-
cellent overview of planning with MDP models. Howard
(1971) provides a good introduction to SMPs and SMDPs,
and presents dynamic programming algorithms for solving
decision-theoretic SMDP planning problems. Probabilistic
planning with GSMDP domain models have been consid-
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ered recently by Younes, Mudliner, & Simmons (2003) who
propose a sampling-based algorithm for generating station-
ary policiesfor GSMDPs, and decision-theoretic extensions
of thiswork is discussed by Ha & Musliner (2002).
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