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Abstract

In recent years research in the planning community has mioeeeasingly towards application of plan-
ners to realistic problems involving both time and many syperesources. For example, interest in planning
demonstrated by the space research community has inspirgdinvobservation scheduling, planetary rover
exploration and spacecraft control domains. Other tenhgora resource-intensive domains including logis-
tics planning, plant control and manufacturing have aldpétbto focus the community on the modelling and
reasoning issues that must be confronted to make plannithgaéogy meet the challenges of application.

The international planning competitions have acted as @oiitant motivating force behind the progress
that has been made in planning since 1998. The third corigreftield in 2002) set the planning community
the challenge of handling time and numeric resources. Tétessitated the development of a modelling lan-
guage capable of expressing temporal and numeric prop@ftiglanning domains. In this paper we describe
the languagepDDL2.1, that was used in the competition. We describe the syoftthe language, its formal
semantics and the validation of concurrent plans. We obgbatPDDL2.1 has considerable modelling power
— exceeding the capabilities of current planning technplegand presents a number of important challenges
to the research community.

1. Introduction

In 1998 Drew McDermott released a Planning Domain DesaniptianguageppbL (McDermott, 2000;
McDermott & the AIPS’98 Planning Competition Committee 989, which has since become a community
standard for the representation and exchange of plannimgitiomodels. Despite some dissatisfaction in the
community with some of the features pbDL the language has enabled considerable progress to be made
in planning research because of the ease with which systeansg the standard can be compared and the
enormous increase in availability of shared planning resesi The introduction afpbL has facilitated the
scientific development of planning.

Since 1998 there has been a decisive movement in the resgarchunity towards application of plan-
ning technology to realistic problems. The propositionatzie domains of old are no longer considered
adequate for demonstrating the utility of a planning systermodern planners must be able to reason about
time and numeric quantities. Although several members @icttmmunity have been working on applica-
tions of planning to real domains of this nature for some tjbraorie & Ghallab, 1995; Ghallab & Laruelle,
1994; Muscettola, 1994; Drabble & Tate, 1994; Wilkins, 1p8&re has always been a gap between the
modelling requirements of such domains and what can be ssg@denPDDL. Application-driven planners
come equipped with their own modelling conventions andlbiats and, as a consequence, it is difficult to
reproduce their results and to make empirical comparisdthsother approaches, both of which are essential
for scientific progress to be made.

ThepDDL language provides the foundation on which an expressinelatd can be constructed, enabling
the domain models of the applications-driven communitygahared and motivating the development of the
planning field towards realistic application. The thirddmtational Planning Competition, which took place
in 2002, had the objective of closing the gap between planprésearch and application. As organisers of
the third competition the authors therefore took the firgpsh defining an expressive language capable of
modelling a certain class of temporal and resource-interdianning domains. This had to be done both
with an eye to the future and with awareness of the currerahufifies of planners (it had to be possible for
the language to be used by members of the community, or themtae no competitors). In this paper we
describe the resulting language®DL2.1, in terms of its syntax, semantics and modelling cajiizgsil



PDDL2.1 has been designed to be backward compatible with thenagjof PDDL that has been in
common usage since 1998. This compatibility supports tkieldpment of resources which help to establish
a scientific foundation for the field of Al planning. Furthesra, McDermott's originaPDDL provides a clean
and well-understood basis for development and embodiesnd@uof design principles that we considered
it important to retainPDDL2.1 extend®DDL in principled ways to achieve the additional expressive grow
following, as far as possible, McDermott’s maxim “physiost advice” (McDermott, 2000). We take this
maxim to mean that a language should focus on expressinghifscal properties of the world, not advice
to the planner about how to search the associated solutamespOf course, any model of physical systems
makes simplifying assumptions and abstracts behaviowssrae level, so no model can be claimed to be
purely physics and free of decisions that could influenceuteeof the model. We do not attempt to make
strong judgements about what constitutes advice but trmpéeément the maxim by keeping the language as
simple as possible. We make the following two guaranteesckiward compatibility:

1. All existingPDDL domains (in common usage) are vahopbL2.1 domains. This is important to enable
existing libraries of benchmark problems to remain valid.

2. Valid pDDL plans are valiceDDL2.1 plans.

An important contribution made in the developmenpoiL?2.1 is a means by which domain designers
can provide alternative objective functions that can beltisgudge the value of a plan. The use of numbers
in a domain provides a platform for measuring consumptiocribical resources and other parameters. An
example of a metric that can be modelled is that energy copgaommust be minimized. This is very
important for many practical applications of planning inigthplan quality might be dependent on a number
of interacting domain-dependent factors.

The organisation of the paper is as follows. In Section 2 weduce non-specialist readers to HeDL
domain description language used in the planning researmimuinity. This background is given in order to
provide the foundations for the numeric and durative extersamade in developingpbL2.1. The paper then
focusses on the specific extensions introduced: numeri@ssgions and durative actions. In Section 3 we
start by explaining the syntax of numeric expressions aet tise in action descriptions. We then explain,
in Section 4, hownetricscan be provided as part of the problem description so thatjtfadity of a plan
involving numeric change can be evaluated in terms appateid the problem domain. We present the
syntax in which metrics are expressed and give examples.

In Section 5 the paper introduces the notiordofativeaction as a way of modelling the temporal prop-
erties of a planning domain. Both discretised and contisudurative actions are considered. The syntax is
described and examples of modelling power and limitatioespaesented in both cases. Having given ex-
amples of the syntactic representation of durative actiempresent a formal semantics for both discretised
and continuous actions and for plans. Sections 6, 7, 8 and\dder the details. The semantics gives us a
way of tackling the problem of confirming plan validity — sothimg that becomes an important issue in
the face of concurrent activity. In Section 10 we descrileegtocess by which plans were validated in the
competition and discuss the complexity of the validatioagjion forrbbL2.1. Finally, Section 11 describes
some related work in the temporal reasoning community, deioto put the contributions made bpbL2.1
into a wider context. A fulBNF description ofPDDL2.1 can be found in the appendix.

pDDL2.1 was developed for use in the third International Plagpr@ompetition in which competing
planners demonstrated that many discretized temporal @&tidcrmodels can now be efficiently handled by
both domain-independent planners and those using halodethicontrol rules. For ease of reference in the
competition we identified the features bDL2.1 with a series ofevelsof increasing expressive power.
Thus, thesTRIPSfragment ofPDDL2.1 was referred to as level 1, the numeric extensions caexptevel 2,
the addition of discretised durative actions resulted well8, continuous durative actions resulted in level 4
and a final level, level 5, comprised all of the extensionembL2.1 and additional components to support
the modelling of spontaneous events and physical procdssesl 5 is not discussed in this paper but details
can be found in (Fox & Long, 2002). The competition focussedte use of levels 1, 2 and 3 and did
not use levels 4 or 5 because the planning technology wag tledtestage sufficiently advanced to handle
the additional complexities. Despite the fact that levelaswot used in the competition we devote some
discussion to it in this paper. We feel that level 4 preseatsesimportant immediate challenges for the
planning community that affect the extent to which planriag be applied to real problems.



The purpose of this paper is to provide an overview of the neatures introduced irRbDL2.1, dis-
cuss the rationale for our language choices and explain sintige issues that have arisen in trying to
extendpPDDL. Although we have provided thenF for PDDL2.1 as an appendix, this paper is not in-
tended to be either a language manual or a tutorial on the fudee danguage. For examples of the use
of the language and other relevant materials, readers ¢toauisult archived resources currently held at
http://ww. dur. ac. uk/d. p. | ong/ conpetition. htni.

2. PDDL Background

PDDL is an action-centred language, inspired by the well-knewripsformulations of planning problems.
At its core is a simple standardisation of the syntax for egping this familiar semantics of actions, using
pre- and post-conditions to describe the applicability effects of actions. The syntax is inspired by Lisp,
so much of the structure of a domain description is a Lisp-likt of parenthesised expressions. An early
design decision in the language was to separate the désosmf parameterised actions that characterise
domain behaviours from the description of specific objeictitial conditions and goals that characterise a
problem instance. Thus, a planning problem is created bydhég of a domain description with a problem
description. The same domain description can be pairedmithy different problem descriptions to yield
different planning problems in the same domain. The parernsation of actions depends on the use of
variables that stand for terms of the problem instance — Hreyinstantiated to objects from a specific
problem instance when an action is grounded for applicatiime pre- and post-conditions of actions are
expressed as logical propositions constructed from pagelicand argument terms (objects from a problem
instance) and logical connectives.

Although the core ofDDL is a sTRIPSformalism, the language extends beyond that. The extended
expressive power includes the ability to express a typecttre for the objects in a domain, typing the
parameters that appear in actions and constraining the tfguments to predicates, actions with negative
preconditions and conditional effects and the use of gfieatiion in expressing both pre- and post-conditions.
These extensions are essentially those proposediagPednault, 1989).

Although the original definition of thebDL syntax was not accompanied by a formal semantics, the
language was really a proposal for a standard syntax for armonty accepted semantics and there was little
scope for disagreement about the meaning of the languagéaots. Two parts of the original language pro-
posal for which this claim fails are an attempt to offer a demd syntax for describing hierarchical domain
descriptions, suitable fa#TN planners and the subset of the language concerned withssipgenumeric-
valued fluents. The former was an ambitious project to canst syntax in which the entire structure of
domains using hierarchical action decompositions coulétgessed. In contrast ®rripsbased plan-
ning, the differences between planners using hierarcdieadmposition appear to be deeper, with domain
descriptions often containing structures that go beyoedi#scription of domain behaviours (for example,
sHopP(Nau, Cao, Lotem, & Mufioz-Avila, 1999) often uses mechasithat represent goal agendas and other
solution-oriented structures in a domain encoding). Thisrgdity undermined the efforts at standardisation
in hierarchical domain descriptions and this part of thglsage has never been successfully explored.

The syntax proposed for expressing numeric-valued flueassnet tested in the first use of the language
(in the 1998 competition) and, indeed, it underwent revisiothe early development of the language. The
second competition in 2000 also avoided use of numericeedluents, so a general agreement about the syn-
tax and semantics of the numeric-expressivity of the lagguamained unnecessary. McDermott's original
PDDL provides support for numbers by allowing numeric quartitie be assigned and updated. The syn-
tax of numeric-valued fluents changed betweenrheL manuals 1.1 and 1.2 (McDermott & the AIPS’98
Planning Competition Committee, 1998) and the later Al Mziga article onPbDL (McDermott, 2000).
McDermott presented a version of numeric fluents useinL in (McDermott, 2000) which could be taken
as a definitive statement of the syntax. An example using nigrfleents drawn from (McDermott, 2000) is
shown in Figure 1. This action models an action from the \etiwn jugs-and-water problem, allowing the
water in one jug to be emptied into a second jug provided til@tpace in the second jug is large enough to
hold the water in the first. The effect is a discrete updatéefvialues of the current contents of the jugs by
an assignment (denoted here by tihenge token).



(define (dommin jug-pouring)
(:requirements :typing :fluents)
(:types jug)
(:functors
(amount ?j -jug)
(capacity ?j -jug)
- (fluent nunber))
(:action enpty
:paraneters (?jugl ?jug2 - jug)
:precondition (fluent-test
(>= (- (capacity ?jug2) (anmount ?jug2))
(amount ?jugl)))
:effect (and (change (ampbunt ?jugl) 0)
(change (armount ?jug2)
(+ (anmount ?jugl) (anopunt ?jug2)))))

Figure 1: Pouring water between jugs as described in the Ajadme article (McDermott, 2000).

(define (domain vehicle)
(:requirenments :strips :typing)
(:types vehicle location fuel -1evel)

(:predicates (at ?v - vehicle ?p - location)
(fuel ?v - vehicle ?f - fuel-level)
(accessible ?v - vehicle ?pl ?p2 - |ocation)

(next ?2f1 ?f2 - fuel-level))

(:action drive
cparaneters (?v - vehicle ?from?to - |ocation
?fbefore ?fafter - fuel-level)
:precondition (and (at ?v ?from
(accessible ?v ?from ?to)
(fuel ?v ?fbefore)
(next ?fbefore ?fafter))
ceffect (and (not (at ?v ?from)
(at ?v ?to)
(not (fuel ?v ?fbefore))
(fuel ?v ?fafter))

Figure 2: A domain description iRDDL.

Even without the numeric extensiomE)DL is an expressive language, capable of capturing a widetyarie
of interesting and challenging behaviours. Figure 2 ilaists howpDDL can be used to capture a domain in
which a vehicle can move between locations, consuming fugldoes so.

It can be seen in the example tlRiDL includes a syntactic representation of the level of exprisgs
required in particular domain descriptions through theafsequirements flags. This gives the opportunity
for a planning system to gracefully reject attempts to plath \@omains that make use of more advanced
features of the language than the planner can handle. Sghtoking tools can be used to confirm that
the requirements flags are correctly set for a domain andthleatypes and other features of the language
are correctly employed. An example of a problem descriptioaccompany the vehicle domain is shown
in Figure 3. The example illustrates that the descriptioarinitial state requires an exhaustive listing of
all the (atomic) propositions that hold. Symmetric or titims relations must be modelled by exhaustive
and explicit listing of the propositions that hold. The uselomain axioms to simplify the description of
domains that use such relationships has been consideteénmains an untested part@bbL and therefore
an unstable part of the syntaxbDL domains are not case-sensitive, which is somewhat anaisticdn the
light of standard practice in modern programming languages



(define (probl em vehicle-exanple)
(:domai n vehicle)
(:objects
truck car - vehicle
full half empty - fuel-leve
Paris Berlin Rone Madrid - |ocation)
(:init
(at truck Rone)
(at car Paris)
(fuel truck half)
(fuel car full)
(next full half)
(next half enpty)
(accessible car Paris Berlin)
(accessible car Berlin Rone)
(accessible car Rone Madrid)
(acessible truck Rome Paris)
(accessi bl e truck Rome Berlin)
(accessible truck Berlin Paris)
)
(:goal (and (at truck Paris)
(at car Rone))
)

)

Figure 3: A problem instance associated with the vehiclealom

(define (donmin jug-pouring)
(:requirements :typing :fluents)

(:types jug)

(:functions
(amount ?j - jug)
(capacity ?j - jug))

(:action pour
:paraneters (?jugl ?jug2 - jug)
:precondition (>= (- (capacity ?jug2) (ampunt ?jug2)) (amount ?jugl))
:effect (and (assign (anmpbunt ?jugl) 0)
(i ncrease (anount ?jug2) (anount ?jugl)))

Figure 4: Pouring water between jugnbL2.1 style.

In the following sections we review the extensions madedoL in its development intebbL2.1, the
version of the language used in the third International ftapnCompetition.

3. Numeric Expressions, Conditions and Effects

One of the first decisions we made in the developmertaiL2.1 was to propose a definitive syntax for the
expression of numeric fluents. We based our syntax on théwedsscribed in the Al Magazine article (Mc-
Dermott, 2000), with some minor revisions (discussed beldwmeric expressions are constructed, using
arithmetic operators, from primitive numeric expressjamsich are values associated with tuples of domain
objects by domain functions. Using our proposed syntax ¥pre&ssing numeric assignments and updates
we can express the jug-pouring operator originally describ thePDDL1.2 manual and in the Al Magazine
article (see Figure 1), irDDL2.1, as presented in Figure 4. In this example the functi@psci t y and
amount associate the jug objects with numeric values correspgrditheir capacity and current contents
respectively. As can be seen in the example, we have usedia $yetax for all arithmetic operators, in-
cluding comparison predicates, in order to simplify pagsi€@onditions on numeric expressions are always



comparisons between pairs of numeric expressions. Effactsnake use of a selection of assignment oper-
ations in order to update the values of primitive numericregzpions. These include direct assignment and
relative assignments (such iascr ease anddecr ease). Numbers are not distinguished in their possible
roles, so values can represent, for example, quantitiessofurces, accumulating utility, indices or counters.
The differences between tim®DL2.1 syntax and the Al Magazine syntax are in the declaratidheo
functions and in the use aksi gn instead okthange. We decided to only allow numeric-valued functions,
making the declaration of function return types superfluis therefore simplified the language by requir-
ing only the declaration of the function names and argumggd, as is required for predicates. We felt
thatchange was ambiguous when used alongside the operatinoisease anddecr ease and thatassi gn
would be clearer.
Numeric expressions are not allowed to appear as terms lartjaage (that is, as arguments to predicates
or values of action parameters). There are two justificatfon this decision — a philosophical one and a
pragmatic one. Philosophically we take the view that therenly a finite number of objects in the world.
Numbers do not exist as unique and independent objects iwahniel, but only as values of attributes of
objects. Our models are object-oriented in the sense that#&bns can be seen as methods that apply to
the objects given as their parameters. The object-orieviead does not directly inform the syntax of our
representations, but is reflected in the way in which numéersnanipulated only through their relationships
with the objects that are identified and named in the initiates Pragmatically, many current planning
approaches rely on being able to instantiate action sch@masto planning, and this is only feasible if
there is a finite number of action instances. The branchinpe@fplanner’s search space, at choice points
corresponding to action selection, is therefore always finite ranges. The use of numeric fluent variables
conflicts with this because they could occur as argumentsy@eedicate and would not define finite ranges.
Our decision not to allow numbers to be used as argumentgitmacules out some actions that might
seem intuitively reasonable. For example, an actioffytat a certain altitude might be expected to take the
altitude as a number-valued argument. This is only posgibk®DL2.1 if the range of numbers that can be
used is finite. From a practical point of view we think thastlsi unlikely to be an arduous constraint and that
the benefits of keeping the logical state space finite congtesor any modelling awkwardness that results.
Functions inPDDL2.1 are restricted to be of tyf@bject! — R, for the (finite) collection of objects in
a planning instancebjectand finite function arityn. Later extensions afbDL might introduce functions
of type Object’ — Object allowing Objectto be extended by the application of functions to other dbjec
The advantage of this would be to allow objects to be refetoelly their relationships to known objects
(for example( onTopOf  ?x) could be used to refer to the object currently on top of analijestantiating
?x). Unfortunately, such functions present various semagmiblems. In particular, the interpretation of
guantified preconditions becomes significantly hardecesthe collection of objects is no longer necessarily
finite, so extensional interpretations are not possibleurgher difficulty is the identity problem — as objects
are manipulated by actions, the functional expressiontsréfar to them are also affected, but implicitly.
For example, as objects are movédnTopOf A) can change without any action manipulating it explicitly.
Managing the way in which functional terms map to specifieeoty in the domain (which might or might
not have specific names of their own) appears to introducsiderable complication into the semantics. We
believe that it is important to avoid extendirgDL with elements that are still poorly understood.

4. Plan Metrics

The adoption of a stable numeric extension torb®L core allowed us to introduce a further extension into
PDDL2.1, namely a new (optional) field within the specificationpobblems: a plan metric. Plan metrics
specify, for the benefit of the planner, the basis on whichaa glill be evaluated for a particular problem.
The same initial and goal states might yield entirely défgroptimal plans given different plan metrics. Of
course, a planner might not choose to use the metric to gisidevelopment of a solution but just to evaluate
a solutionpost hoc This approach might lead to sub-optimal, and possibly @ quality, plans but it is a
pragmatic approach to the handling of metrics which wasequitiely used in the competition. This issue is
discussed further in (Long & Fox, 2003b).

The value ot al -t i me can be used to refer to the temporal span of the entire pldrer@&alues must all
be built from primitive numeric expressions defined withidamain and manipulated by the actions of the
domain. As a consequence, plan metrics can only expresgengperal metrics irPbDL2.1 domains using



numeric expressions. Any arithmetic expression can be istite specification of a metric — there is no

requirement that the expression be linear. It is the domesigther’s responsibility to ensure that plan metrics
are well-defined (for example, do not involve divisions by®e An example of use of a plan metric is shown
in Figure 5.

The implications of having introduced this extension areéaching and have already helped to demon-
strate some important new challenges for planning systenpasticularly fully-automated systems. An
enriched descriptive power for the evaluation of plans isugial extension for the practical use of planners,
since it is almost never the case that real plans are evdlgately by the number of actions they contain.

Metrics are described in a problem description, allowingoaaller to easily explore the effect of different
metrics in the construction of solutions to problems forghme domain. In order to define a metric in terms
of a specific quantity it is necessaryitstrumenthat quantity in the domain description. For example, if the
metric is defined in terms of overall fuel usduel-usequantity can be initialised to zero in the initial state
and then updated every time fuel is consumed. In the domainrsin Figure 5 it is possible to minimise a
linear combination of fuel used by each of the vehicles sigch a

(:netric minimze (+ (* 2 (fuel -used car)) (fuel-used truck)))

but it is not possible to minimise distance covered sincedie is not instrumented. It would be straightfor-
ward to instrument it if desired, simply by adding the appiate initial value and incrementing effects to the
domain description. Since actions cause quantities togghanstrumenting a value requires modification of
the domain description itself, not just a problem file.

The use of plan metrics is subtle and can have dramatic ingratiie plans being sought. Perhaps the
simplest case is where all actions increase a metric that beuminimised, or decrease one that must be
maximised. This is the case in the example shown in Figurehgrevany use of the drive action can only
worsen the value of the plan metric (whether we use the m&tagevn in the figure or the maximising metric
described in the last paragraph). This situation might apfiebe relatively straightforward: a planner must
attempt to use as few actions to solve a problem as possibfact, even this case is a little more complex
than it appears — there can be rival plans in which one uses awtions but has lower overall cost than the
other. A more complex case arises when some actions impnexaguiality metric while others degrade it. For
example, if we use the maximising metric but also add a refatebn to the domain then driving will degrade
plan quality (by reducing the fuel level of a vehicle) butrelfing will improve plan quality (by increasing the
fuel level of a vehicle). In this case, a planner can attempise actions to improve the plan quality without
those actions actually contributing to achieving the goats example, refuelling might not be necessary to
get the vehicles to their destinations, but adding refogléctions would improve the quality of a solution.
This process could involve trading off finite and irrepldadeaesources for the increased value of the plan.
This would be the case if, for example, refuelling a vehiolektfuel from a finite reservoir. Alternatively a
domain could allow plans of arbitrarily high value to be coasted by using more and more actions. This
would occur in the metric vehicles domain using the maxingisiehicle’s fuel level metric if refuelling were
not constrained, since the domain does not impose a limheffuel capacities of the vehicles.

The case in which plans are constrained by finite availgholiresources, is an important and interesting
form of the planning problem, but the case in which plans bftearily high utility can be constructed, is
obviously an ill-defined problem, since an optimal plan deesexist. It is non-trivial to determine whether
a planning problem provided with a metric is ill-defined. bcf, as Helmert shows in (Helmert, 2002),
the introduction of numeric expressions, even in the cairgtd way that we have adoptedrmpDL2.1,
makes the planning problem undecidable. The problem ofrfindi collection of actions which does not
consume irreplaceable resources and has an overall bahefipact on a plan metric is at least as hard as the
planning problem. Therefore it is clear that determiningetiler a planning problem is even well-defined is
undecidable. This does not make it worthless to considenitg with metrics, of course, but it demonstrates
that the modelling problem, as well as the planning probleeaepmes even more complex when metrics are
introduced.

One strategy available to planners working with problengestt to plan metrics is to ignore the metric
and simply produce a plan to satisfy the logical goals thabadlpm specifies. In this case, the plan quality
will simply be the value, according to the metric, of the pthat happens to be constructed. This strategy
is unsophisticated and it is obviously better for a plannerdanstruct a plan guided by the specified metric.
Whether a metric can expedite the search process in a futh@ated planner is still a research issue.



(define (donmin netricVehicle)
(:requirenments :strips :typing :fluents)
(:types vehicle |ocation)
(:predicates (at ?v - vehicle ?p - location)
(accessible ?v - vehicle ?pl ?p2 - location))
(:functions (fuel-level ?v - vehicle)
(fuel -used ?v - vehicle)
(fuel -required ?pl ?p2 - |ocation)
(total -fuel -used))

(:action drive
:paraneters (?v - vehicle ?from?to - |ocation)
:precondition (and (at ?v ?from
(accessible ?v ?from ?to)
(>= (fuel-level ?v) (fuel-required ?from?to)))
;effect (and (not (at ?v ?from)
(at ?v ?to)
(decrease (fuel-level ?v) (fuel-required ?from ?to))
(increase (total-fuel -used) (fuel-required ?from ?to))
(increase (fuel-used ?v) (fuel-required ?from?to)))
)
)

(define (problemnmetricVehicl e-exanpl e)
(:domai n netricVehicle)

(:objects

truck car - vehicle

Paris Berlin Rome Madrid - |ocation)
(:init

(at truck Rone)

(at car Paris)

(= (fuel-level truck) 100)

(= (fuel-level car) 100)
(accessible car Paris Berlin)
(accessible car Berlin Rone)
(accessible car Rone Madrid)
(acessible truck Rome Paris)
(accessible truck Rome Berlin)
(accessible truck Berlin Paris)

(= (fuel-required Paris Berlin) 40)
(fuel-required Berlin Ronme) 30)
(fuel -required Rome Madrid) 50)
(fuel -required Rome Paris) 35)
(fuel -required Rome Berlin) 40)
(fuel-required Berlin Paris) 40)
(total -fuel -used) 0)

(fuel -used car) 0)

(fuel -used truck) 0)

NN NSNS~~~
o momoomnnn

)

(:goal (and (at truck Paris)
(at car Rone))

)

(:metric mnimze (total -fuel -used))

Figure 5: An example of a domain and problem instance deagrébplan metric.



(:durative-action | oad-truck
cparaneters (?t - truck)
(?1 - location)
(?0 - cargo)
(?c - crane)
cduration (= ?duration 5)
:condition (and (at start (at ?t ?1))
(at start (at 20 ?1))
(at start (enpty ?c)
(over all (at ?t ?1))
(at end (holding ?c ?0))
ceffect (and (at end (in ?0 ?t))
(at start (holding ?c ?0))
(at start (not (at 2?0 ?1)))
(at end (not (holding ?c ?0)))

Figure 6: A durative action for loading a truck. We assume aquacity constraints.

5. Durative Actions

Most recent work on temporal planning (Smith & Weld, 1999c8aus & Kabanza, 2000; Do & Kamb-
hampati, 2001) has been based on various forms of duratii@adn order to facilitate participation in the
competition we therefore developed two forms of durativ@aallowing the specification only of restricted
forms of timed conditions and effects in their descriptiédthough constrained in certain ways, these dura-
tive actions are, nevertheless, more expressive than nfahg proposals previously explored, particularly
in the way that they allow concurrency to be exploited. The farms arediscretiseddurative actions and
continuougdurative actions.

Both forms rely on a basic durative action structure comgjsif the logical changes caused by application
of the action. We always consider logical change to be inateous, therefore the continuous aspects of a
continuous durative action refer only to how numeric valciesnge over the interval of the action. Figure 6
depicts a basic durative actidnad-truck in which there is no numeric change.

The modelling of temporal relationships in a discretisethtive action is done by means @mporally
annotatectonditions and effects. All conditions and effects of diveactions must be temporally annotated.
The annotation of a condition makes explicit whether theeissed proposition must hold at tistart of the
interval (the point at which the action is applied), #radof the interval (the point at which the final effects
of the action are asserted) or over the interval from the stathe end (invariant over the duration of the
action). The annotation of an effect makes explicit whethereffect is immediate (it happens at the start
of the interval) or delayed (it happens at the end of the wat¢r No other time points are accessible, so all
discrete activity takes place at the identified start andpsidts of the actions in the plan.

Invariant conditions in a durative action are required ttdhmver an interval that is open at both ends
(starting and ending at the end points of the action). Thesepressed using threver all construct seen
in Figures 6 and 8. If one wants to specify that a fattolds in the closed interval over the duration of a
durative action, then three conditions are requifetistart p), (over all pjand(at end p)

We considered adopting the convention thegr all constraints should apply to the end points as well
as the open interval inside the durative action, but decadgdnst this because it would then be impossible
to express conditions that are actually only required tal fooler this open interval. Examples of actions in
which conditions are invariant only over the open intermalude the action of loading a truck. The truck must
remain at the loading location throughout the loading idkrbut it can start to move away simultaneously
with the loading being completed. The reason is that the efahe drive action is non-mutex with the end
of the load so there is a reasonable interpretation of anyiplevhich driving starts at the instant that loading
is completed. Actions that affect an invariant conditionc{s as the location of the truck) can be executed
simultaneously with the end point of a durative action ofithe invariant is not constrained to hold true at
the end pointitself. This highlights an important diffecerbetweendver all) and pver allandat engd. If a
condition is required as an end precondition as well as aariant condition the meaning is that any action
that affects the invariant must start after the end of theagequiring that invariant. For example, if we



make(at truck location)an end precondition of the load operator as well as an invarle consequence is
that the truck cannot drive away until after the instant aicivithe load has completed.

Note that, in our definition of théad-truckaction in Figure 6, we have chosen to make the condition
(holding ?c ?0)be a start effect and an end precondition but not an invaciamdition. This means that the
crane could temporarily cease to hold the cargo at some tiuriaglthe interval, as long as it is holding the
cargo in time to deposit it at the end of the loading interVlis makes the action quite flexible, enabling the
exploitation of concurrent uses of the crane where applcab

Theload-truckexample shows how logical change can be wrapped up intoideigattions that encap-
sulate much of the detail involved in achieving an effect lsequence of connected activities. Naturally it
would be useful to be able to combine such actions concuyneithin a plan. In the next section we consider
the extent to which concurrency is allowed and the ways irctvboncurrent plans are interpreted.

5.1 The Interpretation of Concurrent plans

When time is introduced into the modelling of a domain it is@ble for concurrent activity to occur in a
plan. Prior to the introduction of time intebDL all plans were interpreted as sequential — even Graphplan-
concurrent plans were sequenced before being validated eersaurrency was never an issue.PIDDL2.1
plan validity can depend on exploiting concurrency colye@ctions can overlap and co-occur, giving rise
to questions over the interpretation of synchronous behaviWe discuss the problems arising in precise
synchronization in Section 10. We now explain under whast@imts actions can occur concurrently within
a plan involving durative actions and numeric conditiond affects.

The key difference, between durative action®pL2.1 and those used by planners prior to the com-
petition, is that we distinguish between the conditions effielcts at the start and end points of the durative
interval and the invariant conditions that might be spedifeehold over the interval. That s, actions can have
pre- and postconditions that are local to the two end-paifitise action, and a planner can choose to exploit
a durative action for effects it has at its start or at its ébainditions that are invariant are distinguished from
pre-conditions, enabling the exploitation of a higher @egof concurrency than is possible if preconditions
are not distinguished from invariants, asriar (Smith & Weld, 1999)1psys (Garrido, Onaindia, & Barber,
2001) andrp4 (Haslum & Geffner, 2001). We discuss the consequencesséttiesign decisions, together
with several examples of durative actions, in the followsegtions.

Itis important to observe that our view of time is point-bésather than interval-based. That is, we see a
period of activity in terms of intervals of state separatgdiime points at which state-changing activities oc-
cur. All logical state change occurs instantaneously,asthrt or end point of a durative action. Propositions
are true over half-open intervals that are closed on thealgdtopen on the right. Activities might change
logical state or they might update the values of numericaldeis. In the discretised view of time we allow
for only a finite number of activities (which we cdlappeningsbetween any two time points, although time
itself is considered continuous and actions can be schaéduleegin at any time point.

For a plan to be considered valid no logical condition candih bsserted and negated at the same instant.
We impose the further constraint that no logical conditian both be required to hold and be asserted at the
same instant. Although this might seem overly strong werckhiat a plan cannot be guaranteed to be valid
if the instant at which a proposition is required is exadtlg instant at which it is asserted. We require that,
for an action with preconditiof to start at time, there must be a half open interval immediately preceding
t in which P holds. This is mathematically inconsistent withbeing asserted at the instant at which it is
required. We are conservative in our view of the validity mhgltaneous update of and access to a state
proposition. For example, if we have two instantaneou®astid and B, whereA has preconditio® and
effects ot P) and@, while B has preconditio®® v @) and effectR, we consider that an attempt to apply
and B simultaneously in a state in whid? holds is ill-defined. The reason is that, althougjlswitches the
state from one in whicl? holds into one in whicld) holds so one might suppose the preconditio®adb be
secureA is an abstraction of a model in which the value®adnd(@ are changing and, we argue, any reliance
on their values at this point of change is unstable. We adopleawe callno moving targetsby which we
mean that no two actions can simultaneously make use of & Viatine of the two is accessing the value
to update it — the value is a moving target for the other actioaccess. This rule creates a behaviour for
propositions in a planning state that is very much like thieglv@ur of variables in shared memory protected
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(:durative-action heat-water
:paraneters (?p - pan)
sduration (= ?duration (/ (- 100 (tenperature ?p)) (heat-rate)))
:condition (and (at start (full ?p))
(at start (onHeat Source ?p))
(at start (byPan))
(over all (full 2?p))
(over all (onHeat Source ?p))
(over all (heating ?p))
(at end (byPan)))
ceffect (and (at start (heating ?p))
(at end (not (heating ?p)))
(at end (assign (tenperature ?p) 100)))

Figure 7: A simple durative action for boiling a pan of water.

by a mutex lock(such as those in POSIX threads), with a difference betwead and write access to the
variable.

Validity also requires that no numeric value be accessedupddted simultaneously at the start or end
point of a durative action. In the case of discretised dueadctions, all numeric change is modelled in terms
of step functions so numeric values can be accessed, oraghdiring the interval of another durative action
acting on that value (we provide examples in the followingtiem) provided that any updates are consistent
with all invariant properties dependent on the value. Indase of continuous durative actions values can
be simultaneously accessed and updated during the consquocess of change occurring in the interval of
an action. In both the discretised and continuous caseslow @ilultiple simultaneous updates provided the
update operations are commutative.

In order to implement the mutual exclusion relation we regjubn-zereseparation between mutually
exclusive action end points. In our view, when end pointsnane-conflicting they can be treated as though
it is possible to execute them simultaneously even thoughige synchronicity cannot be achieved in the
world. However, when end points are mutually exclusive tlaper should buffer the co-occurrence of
these points by explicitly separating them. In this way wsuga that the concurrency in the plan is at least
plausible in the world.

Planners can exploit considerable concurrency in a domaémburing only that conflicting start and end
points of actions are separated by a non-zero amount. Aeg&pecification of the mutual exclusion relation
of PDDL2.1 is given in Section 8. We further discuss the implicagiofinon-zero separation in Section 10.

5.2 Numeric Change within Discretised Durative Actions

This section explains how continuous change can sometimanduelled inPbDL2.1 using durative ac-
tions with discrete effects. This is achieved by using stemfions to describe instantaneous changes at the
beginnings or ends of the durations of actions. Appendix &itkethe language constructs involved.

An example of a durative action, illustrating the use of ntimepdate operations, is shown in Figure 7.
In this example, showing a water heating action, the coonlifull ?p) and(onHeatSource ?phust hold at
the start of the interval as well as during the interval. Taleddhis we enter these conditions as batlstart
andover all constraints. The action achieves as its start effect tieaiveiter is heating, and this condition is
maintained invariant over the whole interval of the actidhis is an example of an operator that achieves its
own invariant condition, and draws attention to the fact theer all conditions hold over an interval that is
open on the left (as well as on the right).

It should be noted that the actions in Figures 7 and 8 use fixealtidn specifications. In the case of
the water-boiling example this means that it is impossibladjust the length of time over which the pan is
heated and this has an impact on the context in which therectin be used. In particular, when assign
construct is used to update a numeric value, it is not pas$illconcurrent activity to affect the same value
or else the model will be flawed. Because the water heatingpbauses aassignconstruct no concurrent
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(:durative-action navigate
cparaneters (?x - rover ?y - waypoint ?z - waypoint)
cduration (= ?duration (travel-time ?y ?z))
:condition (and (at start (available ?x))
(at start (at ?x ?y))
(at start (>= (energy ?x)
(* (travel-time ?y ?z) (use-rate ?x))))
(over all (visible ?y ?z))
(over all (can_traverse ?x ?y ?z)))
ceffect (and (at start (decrease (energy ?x)
(* (travel-time ?y ?z) (use-rate ?x))))
(at start (not (at ?x ?y)))
(at end (at ?x ?z))))

(:durative-action recharge
cparaneters (?x - rover ?w - waypoint)
cduration (= ?duration (recharge-period ?x))
:condition (and (at start (at ?x ?w))
(at start (in-sun ?w))
(at start (<= (energy ?x) (capacity ?x)))
(over all (at ?x ?w)))
ceffect (at end (increase (energy ?x) (* ?duration (recharge-rate ?x)))))

Figure 8: Discretised durative actions for a rover to movabken locations and to recharge.

activity should affect the temperature of the water. It is tesponsibility of the modeller to ensure that the
temperature is neither accessed nor updated during theahtever which the action is executing.

We decided to leave it to the modeller to ensure correct hehawf theassignconstruct because we did
not want to forbid the modelling of truly discontinuous upeta For example, a durative action that models
the deposit of a cheque in a bank account might have a dumatibinee days, with a discontinuous update to
the account balance at the end of that interval — it would bejmopriate to prevent actions from accessing
the balance during the three day period. In general, modatibntinuous change with discrete effects is open
to various pitfalls. This is the price that is paid for the eenience of not having to specify the details of the
continuous processes.

The use of discretised durative actions in combination witmeric (step-function) updates requires care
in modelling. In particular, it relies on the notionadnservative resource updatinghe updating of resource
levels is conservative if the consumption of a resource idetied as if it happens at the start of a durative
action, even though it actually happens continuously owerduration of the action, and production of a
resource is modelled as if it happens at the end of the deratition even though, again, it might actually be
produced continuously over the interval.

As an example of a discretised durative action Figure 8 shwove the action of a rover navigating
between two points is modelled. The local precondition efdtart of the period is that the rover be at the
start location. Local effects include that the rover conesian appropriate amount of energy and that it is at
the destination. The first of these is conservative and thexénmediate, while the second is a logical effect
that occurs at the end point. This organisation ensuresihaiarallel activities will consume energy that
has already been committed to the navigation activity. Biyi the recharge action only makes new charge
available at the conclusion of the action, so that chargeegbtannot be exploited until after the recharging
is complete. The use of conservative updates ensures thadel shoes not support invalid concurrency.

Figure 9 illustrates how a recharging and a digging actibat(tonsumes energy) would interact under
a conservative energy consumption model. This model wolldevaoncurrent actions to consume energy
provided they did not consume more energy than was left utideconservative assumption that the dig
action consumed all of its demands at the start and the rgela&tion produced nothing until the end. Note
that the example assumes energy constraints but no capaosraint.

The use of conservative updates is subtle. If there were ac@gponstraint on the energy level of the
rover then one would need to consider two separate resouteegnergy itself and the space available for
storage of energy. The dig action would consume energy at#ineand only produce space at the end, while
the recharge action would consume space at the start andqaretiarge at the end. Using this combination
it would be possible to ensure that plans did not consumeraiisource before it was available.
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Figure 9: Using discrete actions to model the production emusumption of a resource. In reality, the
recharge activity produces energy continuously and thewweant dig activity continuously con-
sumes it. The conservative model using step functions regjtiiat the energy consumed by dig-
ging must be available at the start of that action, despitdaging yet updated the model to show
the additional energy accumulated because of the part akttiearge action so far executed. The
final energy level is consistent with having used a contirsunodel.

Durative actions can have conditional effects. The anteesdand consequents of a conditional effect
are temporally annotated so that it is possible to specdytte condition be checked at start or at end, and
that the effect be asserted at either of these points. Tharg&s makes clear that a well-formed durative
action with conditional effects cannot require the comditio be checked after the effect has been asserted.
Conditional effects arise in a#bDL2.1 variants. We discuss how their occurrence in discretiigative
actions is interpreted in Section 8.1.

pPDDL2.1 allows the specification of duration inequalities emaphctions to be described in which ex-
ternal factors can be involved in determining their tempexsent. In the match-burning example shown in
Figure 10 it can be seen that the effect at the start pointistity one of interest, so a planner would exploit
this action for its start rather than its end effect. The tdareinequality specifies that the match will burn for
no longer than a specified upper bound. The model shows thamdtch can be put out early if the planner
considers it appropriate. We discuss the use of duratiaquia@ies further in Section 5.3.

5.3 Durative Actions with Continuous Effects

The objective of discrete durative actions is to abstrattcontinuous change and concentrate on the end
points of the period over which change takes place. The gyaltews precise specification of the discrete
changes at the end points of durative actions. However, whpan needs to manage continuously changing
values, as well as discretely changing ones, the durattierdanguage and semantics need to be more pow-
erful. General durative actions can have continuous asagdlliscrete effects. These increase, or decrease,
some numeric variable according to a specified rate of chawgietime for that variable. When determining
how to achieve a goal a planner must be able to access thes\@#ltigese continuous quantities at arbitrary
points on the time-line of the plan. We uge to refer to the continuously changing time from the start
of a durative action during its execution. For example, tpress the fact that the fuel level of a plarig,
decreases continuously, as a function of the consumptterof&p, we write:

(decrease (fuel-level ?p) (* #t (consunption-rate ?p)))
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(:durative—action burnMatch (:action pickUp

:parameters (?m — match ?I - location) :parameters (?| - location ?0 - obje

:duration (and (< ?duration 5) (> ?duration 0)) :precondition (and (at ?l)

:condition (and (at start (have ?m)) (onFloor ?0 ?I)
(at start (at 21))) (light ?1))

.effect (and (when (at start (dark ?I)) -effect (and (not (onFloor ?0 ?l))
(and (at start (not (dark ?1))) (have ?0)))

(at start (light ?1))))
(at start (not (have ?m)))
(at start (burning ?m))
(at end (not (burning ?m)))
(when (at start (dark ?1))
(and (at end (not (light ?1)))
(at end (dark ?1))))))

Actions

Initial state: (onFloor coin) (have aMatch) (at basement) (dark basement
Goal: (have coin)

Problem

Plan: 0.1 (burnMatch aMatch basement) [0.2]
0.2 (pickUp basement coin)

pickUp coin
O O O
N
Start burnMatch End burnMatch
dark basement ‘ light basement ‘ dark basement
0.1 0.2 0.3

Plan

Figure 10: An example of a problem with a durative action ukgfr its start effects. The burning match
produces the light necessary to pick up the coin.
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Example 1 In the flying and refuelling example shown in Figure 11 it carsben that the invariant
condition, that the fuel-level be greater than (or equalzedo during the flight, has to be maintained
whilst the fuel is continuously decreasing. This could h@essed with discrete durative actions|by
abstracting out the continuous decrease and making the Vialale available at the end point pf
the flight. However, if a refuel operation happens during fiight time (in mid-air) then the fuel
level after the flight will need to be calculated by takingoiiccount both the continuous rate|of
consumption and the refuel operation. A discrete actiorlccaot calculate the fuel-level correctly
because it would only have access to the distance betweesotinee and destination of the flight,
together with the rate of consumption, to determine the finelllevel. In order to calculate the fugl
level correctly it is necessary to determine the time at whie refuel takes place, and to use the
remaining flight-time to calculate the fuel consumed. Bigerdurative actions do not give access
to time points other than their own start and end points.
Discrete durative actions can be used to express the desinedbinations of flying and refuelling by
providing additional durative actions, such as fly-anduedf that encapsulate all of the interactions
just described and end up calculating the fuel level cotye¢towever, this approach requires mare
of the domain designer than it does of the planner — the domesigner must anticipate evary
useful combination of behaviours and ensure that apprapmamcapsulations are provided.

In contrast with the discrete form, the continuous actionwihich the fuel consumption effect
given in terms offtt , is powerful enough to express the fact that the mid-flightaking of the
plane affects the final fuel level in a way consistent withntzaning the invariant of the fly action.

S

This is distinctly different from:

(at end (decrease (fuel-level ?p)
(* (flight-time ?a ?b) (consunption-rate ?p))))

because the latter is a single update happening at the endgfahe flight action, whilst the former allows
the correct calculation of the fuel level of the plane at aoinpin that interval. The former is a continuous
effect, whilst the latter is a discrete one. Continuousa#feare not temporally annotated because they can
be evaluated at any time during the interval of the actig. is local to each durative action, so that each
durative action has access to a purely local “clock”. Anothay to interpret the expression representing
continuous change is as a differential equation:

d
E(f uel -1 evel ?p) = (consunption-rate ?p)

We chose to use th#t symbol instead of a differential equation because it is iptes$or two concurrent
actions to be simultaneously modifying the same quantitythbt case, the use of differential equations
would actually form an inconsistent pair of simultaneousapns, rather than having the intended effect
of a combined contribution to the changing value of the gity\amilthough all of the expressions describing
continuous change take the form of a productfaf and some quantity, it is possible to express complex
change using them with interdependent concurrent effdats.example, acceleration arises by simply in-
creasing distance using a quantity describing velocityijendit the same time increasing velocity using a
guantity describing acceleration. When dependenciesdestithe changing terms include mutual dependen-
cies between terms then the differential quations thataré have lead to continuous change dictated by
exponential, logarithmic and exponential functions.

A plan containing continuous durative actions can assigndosult, and continuously modify the same
numeric variables concurrently (see Example 1).

In Figures 12 and 14 the discrete and continuous actionseatiig a pan of water are presented (this
simple model ignores heat loss). The discrete action pteden Figure 12 modifies the version presented
in Figure 7 by the use of a duratianequalityconstraint. Duration inequalities add significant expikess
power over duration equalities. Duration constraintséixgress inequalities are associated with an additional
requirements flag because of the extended expressiverersiixed-duration discrete durative actions.

In both actions, the logical post-condition of the starthaf period is that the pan is heating. The condi-
tions that the pan be heating, full and on the heat sourcenaagiant, although the presence of the agent (by
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(:durative-action fly
:paraneters (?p - airplane ?a ?b - airport)
:duration (= ?duration (flight-time ?a ?b))
:condition (and (at start (at ?p ?a))
(over all (inflight ?p))
(over all (>= (fuel-level ?p) 0)))
ceffect (and (at start (not (at ?p ?a)))
(at start (inflight ?p))
(at end (not (inflight ?p)))
(at end (at ?p ?b))
(decrease (fuel-level ?p) (* #t (fuel-consunption-rate ?p)))))

(:action mdair-refue
:paraneters (?p)
:precondition (inflight ?p)
ceffect (assign (fuel-level ?p) (fuel-capacity ?p)))

Figure 11: A continuous durative action for flying.

(:durative-action heat-water
:paraneters (?p - pan)
cduration (at end (<= ?duration (/ (- 100 (tenperature ?p)) (heat-rate))))
:condition (and (at start (full ?p))
(at start (onHeat Source ?p))
(at start (byPan))
(over all (full ?p))
(over all (onHeat Source ?p))
(over all (heating ?p))
(at end (byPan)))
ceffect (and (at start (heating ?p))
(at end (not (heating ?p)))
(at end (increase (tenperature ?p) (* ?duration (heat-rate)))))

Figure 12: A discrete durative action for heating a pan ofwatsing a variable duration.

the pan) is only a local precondition of the two end-pointd Bmot invariant. In the first action the duration
is modelled by expressing the following duration ineqyatibnstraint:

(at end (<= ?duration (/ (- 100 (tenperature ?p)) (heat-rate))))

and the effect at the end-point of the discrete durativeoads that the temperature of the pan is increased
by (* ?duration (heat-rate)) (whereheat - r at e is a domain constant). In the continuous action of
Figure 14 the duration constraint is unnecessary sincenttagiant

(over all (<= (tenperature ?p) 100))

is added to ensure that the pan never exceeds boiling.

The durative action in Figure 12 models the heating pan irfabe of possible concurrent activities af-
fecting the temperature. The duration inequality alloves pfanner to adapt the duration to take account of
other temperature-affecting activity in a way that is nadgble when the duration is specified using an equal-
ity constraint. The duration constraint ensures that thgperature never exceeds boiling by checking, as a
precondition for the updating activity, that the computechperature increase can be executed without ex-
ceeding boiling point. If this temperature increase wouideed boiling the plan is invalid. The temperature
at the end of the interval of execution is computed from theesu temperature and the heating rate, together
with the duration over which the heating action has beernag¢siee further discussion in Example 2).

The use of duration inequalities adds significant exprespower even when using discrete durative
actions. For example, the plan depicted in part (a) of Fig3sevhich illustrates the use of the water-heating
action shown in Figure 12 while concurrently heating the path a blowtorch, will be considered valid
provided that there is a duration value that satisfies thatiur constraint in the water-heating action. This
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Example 2 If a plan attempts to further heat the pan (say by applying @aubbrch to the pan),
during the heat-water interval then, provided that the aamnent action ends before the end of the
heat-water action, the duration constraint will be seend&é&been violated if the duration has been
chosen so that the overall increase in temperature wouléexdoiling. If the concurrent activity
ends simultaneously with the heat-water action then thenowing-targets rule would be violateéd
because the duration constraint would attempt to accestetinperature at the same time point|as
the concurrent action attempted to update it.
Figure 13 depicts these two situations. In this figure, aggpbmwtorch is a durative action that
applies heat to an object (in this case, the pan). In part fahe figure the duration constraint will
be violated if the duration of the heat-water action is sigfit to cause the temperature to increase
beyond boiling when combined with the heat increase caugadebblowtorch — in that case the
the plan will be invalid. The planner can choose a value foration that avoids this violatior.
In part (b) the plan will be determined invalid regardlesstioé duration of the action because|of

the no-moving-targets rule. Notice that this model doesatt@mpt to model the consequenceg of
continued heating of the pan after boiling point, so planghweictions that cause this to occur gre
simply invalid. HoweverbDL2.1 can be used to model more of the physical situation, so tleat th
consequences are explicit and the planner can choose toiepgm or avoid them accordingly.

(@) (b)

heat-water

heat-water // \
| | | gk
! 1
check duration | !
apply-blowtorch constraint apply-blowtorch | I
!
,,,,,,,,,,,,,,,,,,,,,,,, !
V\ l'

\
increase temperature ' )
of pan ~7

Simultaneous change t
and consultation of
temperature

Figure 13: Heating a pan with a discrete durative actioncaaently with another heating activity.

(:durative-action heat-water

:paraneters (?p - pan)

sduration ()

:condition (and (at start (full ?p))
(at start (onHeat Source ?p))
(at start (byPan))
(over all (full ?p))
(over all (onHeat Source ?p))
(over all (heating ?p))
(over all (<= (tenperature ?p) 100))
(at end (byPan)))

:effect (and (at start (heating ?p))
(at end (not (heating ?p)))
(increase (tenperature ?p) (* #t (heat-rate))))

Figure 14: A continuous durative action for heating a pan atien
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Example 3 It is possible with discrete durative actions, with duratimequalities, to model the
effects of adding an egg to the heating water when the watar sy, 90 degrees by applying tywo
heat-water actions, around an add-egg action, in such a vaay the overall duration of the
heat-water actions is exactly the duration required to hb#& water from its original temperaturg.
However, the way the heat-water action is currently modetieans that the heat will be turned pff
before the egg is added, and then turned on again to comgietbeating, since the temperature
is only updated when the durative action terminates. Withtinoous durative actions the egg can
be added whilst the single heat-water action is in progréssesthe temperature of the pan is con-
tinuously updated. So, discrete durative actions with darainequalities allow us to approximate
continuous activity by appending a finite sequence of disdrdervals in an appropriate way. The
no moving targets rule means that the end points of thesevaitewill be separated by non-zelo,
arbitrarily small, time gaps. This is not required when wgontinuous actions because, in contrast
to the step-function effects of discrete actions, contiisueffects are not localised at a single point.

brings us very close to the expressive power available vatitiouous durative actions because it gives the

planner the power to exploit concurrent interacting atiégi enacting changes on the same numeric valued
variable (see Example 3). Attempting to express continebasge using only duration inequalities does not

give precisely equivalent behaviour, because the disettin forces actions that access changing numeric
values to be separated, by some small temporal intervath fhe actions that change those values in order
to resolve their mutual exclusion. In a continuous moded thinot necessary because the true value of a
numeric variable is available for consultation at any timeimy the continuous process of change.

In the discrete semantics presented in Section 8 we expbifaict that the only changes that can occur
when a plan is executed are at points corresponding to thestodhhappenings, so the plan can be checked
by looking at the activity focussed in this finite happenieqence. In fact, provided continuous effects are
restricted to linear functions of time with only first orddfeets (which requires that no continuous effects
can affect numeric expressions contributing to the ratehahge of another numeric valued variable), and
invariants are restricted to linear functions of changingmities, it is still possible to restrict attention to the
happening sequence even when using continuous actions.

Non-linear effects and higher-order rates of change criffiteulties since it is possible for an invariant to
be satisfied at the end points of an interval, without haviegessarily been satisfied throughout the interval.
In these cases itis no longer sufficient to insert invariaet&ing actions at fixed mid-points in the happening
sequence of a plan in order to validate its behaviour. How@vevided that effects are first-order and linear,
and invariants are linear in continuously changing valdlesn, despite the fact that arbitrary time points
within action intervals are accessible to the planner, driy necessary to gain access to humeric values at
the start- and end-points of the actions in the plan that tefethem, together with finitely many mid-points
for invariant-checking actions, when checking a plan. Talei@s are not required at all other points. This is
S0 because continuous durative actions do not support teliimg of exogenous events so it is not necessary
to take into account the exogenous activity of the enviramriredetermining the validity of a plan.

5.4 Related Approaches

Time is an important numerically varying quantity. The slegh way to reason about time is to adofitiack
box durative action model in which time change happens at the efitheir durative intervals. This is the
approach taken in the language used by TGP (Smith & Weld, )18&9%xample, in which durative actions
encapsulate continuous change so that the correct val@ey @ffected variables are guaranteed only at the
end points of the implied intervals. All of the logical andmeric effects of a durative action are enacted at
the end of the action and are undefined during the intervas @xecution. All undeleted preconditions must
remain true throughout the interval. There is no syntadastirtttion betweerpreconditions andnvariant
conditions in this action representation. A simplistic vedyensuring correct action application is to prevent
concurrent actions that refer to the same facts, but thisidgs many intuitively valid plans.

A more sophisticated approach allows preconditions to betated with time points, or intervals, so
that the requirement that a condition be true at some poirdyer some interval, within the duration of the
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action can be expressed. This is the approach taken in Sapf Kambhampati, 2001). For example, using
such an annotated precondition it would be possible to espiee requirement that some chemical additive
be added within two minutes of the start of a tank-filling anti If effects can also be specified to occur at
arbitrary points within the duration of the action then ipisssible to express effects that occur before the end
of the specified duration. It is also possible to distinglistween conditions that are local to specific points
in the duration of the action and those that are invariamitphout the action.

Allowing reference to finitely many time points between tkertsand end of actions makes the language
more complex without adding to its expressive power. Whiene points are strictly scheduled relative to
the start of the action the effect can be achieved throughshef a sequence of linked durative actions. We
decided to keepDDL2.1 simple by restricting access to only the end points abast

In TLPlan (Bacchus & Ady, 2001) a similar, but more consteainapproach is adopted in which actions
are applied instantaneously but can have delayed effebtsd@&lays for effects can be arbitrary and different
for each effect. However, invariants cannot be specifiedbse the preconditions are checked at the instant
of application and subsequent delayed effects are sefdrata the action which initiated them.

Several planners have been developed to use networks obtahepnstraints (Ghallab & Laruelle, 1994;
Jonsson, Morris, Muscettola, & Rajan, 2000; El-Kholy & Raeds, 1996) to handle temporal structure in
planning problems. Efficient algorithms exist for handlsygh constraints (Dechter, Meiri, & Pearl, 1991)
which make them practical for managing large networks. Torain models constructed usirgpDL2.1
certainly lend themselves to treatment by similar techesquut are not constrained to be handled in this
way.

6. Introduction to the Semantics ofPDDL2.1

In sections 7 and 8 we provide a formal semantics for the nignestension and temporal extension of
PDDL2.1. Together these sections contain 20 definitions. Thgtgrireatment is necessary because the
semantics we have developed adds four significant extemsiar classical planning and the semantics Lif-
schitz developed fas TRIPS(Lifschitz, 1986). These are:

¢ the introduction of time, so that plans describe behavielative to a real time line;

¢ related to the first extension, the treatment of concurrencgctions can be executed in parallel,
which can lead to plans that contain concurrent interagbirggesses (although these processes are
encapsulated in durative actionsipbpL2.1);

e an extension to handle numeric-valued fluents;
¢ the use of conditional effects, both alone and in conjumotigh all of the above extensions.

The semantics is built on a familiar state-transition modék requirements of the semantics can be reduced
to four essential elements.

1. To define what is a state. The introduction of both time ancheric values complicate the usual
definition of a state as a set of atoms.

2. To define when a state satisfies a propositional formul@esemting a goal condition or precondition
of an action. An extension of the usual interpretation ofadesas a valuation in which an atom is true
if and only if the atom is in the state (the Closed World Asstior is required in order to handle the
numeric values in the state.

3. To define the state transition induced by application odi@ion. The update rule for the logical state
must be supplemented with an explanation of the conseqadoicthe numeric part of the state.

4. To define when two actions can be applied concurrently amdtheir concurrent application affects
the application of those actions individually.

The structure of the definitions is as follows. Definition®11.6, given in Section 7, define what it means
for a plan to be valid when the plan consists of only non-dueadctions. Definitions 1 to 6 set up the basic
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terminology, the foundational structures and the framé&wor handling conditional effects and primitive
numeric expressions. Definition 2 meets the first requirgndemtified above, defining states. Definition 9
meets the second requirement, defining when a goal descrigtsatisfied in a state. Definition 11 defines a
simple plan, extending the classical notion of a sequeneetains by adding time. Definitions 12 meets the
fourth requirement, by defining when two actions cannot leceted concurrently. Definition 13 meets the
third requirement, defining what we mean by execution obastj including concurrent execution of actions.
Definitions 14 and 15 define the execution of a plan and whae#ms for a plan to be valid, given the basis
laid in the previous definitions.

In Section 8 the semantics is extended to give meaning tdider@ctions. We begin with Definition 16,
which defines ground durative actions analogously to Dé&imié for simple (that is, non-durative) actions.
Similarly, Definition 17 parallels the definition of a simpdan (Definition 11) and Definitions 19 and 20
parallel those for the execution and validity of simple glgBefinitions 14 and 15). Definition 18 is the
critical definition for the semantics of plans with durataetions, supplying a transformation of temporal
plans into simple plans, whose validity according to the aetias of purely simple plans, can be used to
determine the validity of the original temporally struetdmplans.

7. The Semantics of Simple Plans

The semantics we define in this section extends the esseat@bf Lifschitz’ STRIPSsemantics (Lifschitz,
1986) to handle temporally situated actions, possibly o@og simultaneously, with numeric and conditional
effects.

Definition 1 Simple Planning InstanceA simple planning instands defined to be a pair
I = (Dom, Prob)

whereDom = (F's, Rs, As, arity) is a 4-tuple consisting of (finite sets dfinction symbols, relation sym-
bols actions(non-durative), and a functionrity mapping all of these symbols to their respective arities.
Prob = (Os, Init,G) is a triple consisting of the objects in the domain, the alititate specification and
the goal state specification.

The primitive numeric expressionsf a planning instanceP N Es, are the terms constructed from the
function symbols of the domain applied to (an appropriatabar of) objects drawn frorf?s. Thedimension
of the planning instancelim, is the number of distinct primitive numeric expressiord ttan be constructed
in the instance.

Theatomsof the planning instanced¢ms, are the (finitely many) expressions formed by applying the
relation symbols inks to the objects irDs (respecting arities).

Init consists of two partsinit;sgicqr IS @ set of literals formed from the atoms.tims. Init,ymeric
is a set of propositions asserting the initial values of asgilof the primitive numeric expressions of the
domain. These assertions each assign to a single primitiweenic expression a constant real value. The
goal condition is a proposition that can include both atomsrfed from the relation symbols and objects of
the planning instance and numeric propositions betweemigikie numeric expressions and numbers.

As is a collection of action schemas (non-durative actiongjheaxpressed in the syntaxmbbL. The
primitive numeric expression schemas and atom schemasmu#ieese action schemas are formed from the
function symbols and relation symbols (used with apprdpaities) defined in the domain applied to objects
in Os and the schema variables.

The semantics shows how instantiated action schemas caeppreted as state transitions, in a similar
way to the familiar state transition semantics defined bgdtiftz. An important difference is that states can
no longer be seen as simply sets of propositions, but mustalsount for the numeric expressions appearing
in the planning instance and the time at which the state hdltiss is achieved by extending the notion of
state.

Definition 2 Logical States and StatesGiven the finite collection of atoms for a planning instance
Atmsy, alogical stateis a subset ofdtms;. For a planning instance with dimensiatim, a stateis a
tuple in (R, P(Atms;), RY™) whereR, = R U {L} and L denotes the undefined value. The first value is
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thetime of the state, the second is the logical state and the thirdevad the vector of théim values of the
dim primitive numeric expressions in the planning instance.

The initial state for a planning instance (8, Init;ogica1, x) Wherex is the vector of values iR, corre-
sponding to the initial assignments givenbyit ... (treating unspecified values as.

Undefined values are included in the numeric ranges becheszdre domains in which some terms start
undefined but can nevertheless be initialised and exploiyeattions.

To interpret actions as state transition functions it isessary to achieve two steps. Firstly, since (in
PDDL2.1) plans are only ever constructed from fully instantiaetion schemas, the process by which in-
stantiation affects the constructs of an action schema baudéefined and, secondly, the machinery that links
primitive numeric expressions to elements of the vectoeaf values in a state and that allows interpretation
of the numeric updating behaviours in action effects mustdfaed. Since the mechanisms that support the
second of these steps also affect the process in the firgtetitenent of numeric effects is described first.

Definition 3 Assignment PropositionThe syntactic form of a numeric effect consists of an assgihop-
erator (assi gn, i ncrease, decr ease, scal e- up or scal e- down), one primitive numeric expression,
referred to as thdvalue, and a numeric expression (which is an arithmetic expresgibose terms are num-
bers and primitive numeric expressions), referred to agthtue

The assignment propositiocorresponding to a humeric effect is formed by replacingdksignment
operator with its equivalent arithmetic operation (thatlisncr ease p q) becomeg= p (+ p q)) and
so on) and then annotating the Ivalue with a “prime”.

A numeric effect in which the assignment operator is eithen ease or decr ease is called anaddi-
tive assignment effecone in which the operator is eithercal e- up or scal e- down is called ascaling
assignment effeand all others are calledimple assignment effects

A numeric effect defines a function of the numeric values & state to which an action is applied
determining the value of a primitive numeric expressionhia tesulting state. For the convenience of a
uniform treatment of numeric expressions appearing in ame-post-conditions, we transform the functions
into propositions that assert the equality of the post-d@andvalue and the expression that is intended to
define it. That is, rather than writing an effédtncr ease p q) as a functionf(p) = p + ¢, we write it as
the propositio(= p’' (+p ¢)). The “priming” distinguishes the postcondition value ofranptive numeric
expression from its precondition value (a convention comignadopted in describing state transition effects
on numeric values). The binding of the primitive numeric r@gsions to their values in states is defined in
the following definition.

Definition 4 Normalisation Let I be a planning instance of dimensidim; and let
indexy : PNEs; — {1,... ,dim}

be an (instance-dependent) correspondence between tinéipei numeric expressions and integer indices
into the elements of a vector @fm real valuesJRdjm’ .

The normalised form of a ground propositign,in I is defined to be the result of substituting for each
primitive numeric expressioffi in p, the literal X;,,4.., (). The normalised form gf will be referred to
as N'(p). Numeric effects are normalised by first converting thera aesignment propositions. Primed
primitive numeric expressions are replaced with their esponding primed literalsX is used to represent
the vector X, ... X,,).

In Definition 4, the replacement of primitive numeric exiess with indexed literals allows convenient
and consistent substitution of the vector of actual paramdor the vector of literalX appearing in a state.

With the machinery supporting treatment of numeric expoesscomplete, it is now possible to consider
the process of instantiating action schemas. This prosesanaged in two steps. The first step is to remove
constructs that we treat as syntactic sugar in the defingfcam domain. These are conditional effects and
guantified formulae. We handle both of these by direct syitté@ansformations of each action schema into
a set of action schemas considered to be equivalent. Thefaramation is similar to that described by Gazen
and Knoblock (Gazen & Knoblock, 1997). Although it would bespible to give a semantic interpretation
of the application of conditional effects directly, thertsformation allows us to significantly simplify the
guestion of what actions can be performed concurrently.
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Definition 5 Flattening Actions Given a planning instancd, containing an action schemé € Asy, the
set of action schema8atten(A), is defined to be the s84 initially containingA and constructed as follows:

e While S contains an action schemay, with a conditional effect{when P Q, create two new
schemas which are copies &f, but without this conditional effect, and conjoin the cdiudi P to
the precondition of one copy amgto the effects of that copy, and conjginot P) to the precondition
of the other copy. Add the modified copiesto

¢ WhileS contains an action schemi,, with a formula containing a quantifier, replacé with a version
in which the quantified formula @ ( var; ...var, ) P) in X is replaced with the conjunction (if the
quantifier,@, is f or al 1) or disjunction (ifQ is exi st s) of the propositions formed by substituting
objects inI for each variable irvar; . ..vary in Pin all possible ways.

These steps are repeated until neither step is applicable.

Once flattened, actions can be grounded by the usual sulustiof objects for parameters:

Definition 6 Ground Action Given a planning instancd, containing an action schemé& € Asy, the set
of ground actions for, GA 4, is defined to be the set of all the structuresformed by substituting objects
for each of the schema variables in each schelan flatten(A) where the components ofare:

¢ Nameis the name from the action scheng, together with the values substituted for the parameters
of X in forminga.

e Pre,, thepreconditiorof a, is the propositional precondition af The set of ground atoms that appear
in Pre, is referred to asGPre,.

¢ Add,, thepositive postconditionf a, is the set of ground atoms that are asserted as positivalite
the effect ofi.

¢ Del,, thenegative postconditioof a,is the set of ground atoms that are asserted as negativeltan
the effect ofs.

¢ NP,, the numeric postconditiomnf a, is the set of all assignment propositions correspondinth&
numeric effects af.

The following sets of primitive numeric expressions arengeffor each ground action, € GA4:
e L, = {f|f appears as an Ivalue in}

e R, ={f|f is a primitive numeric expression in an rvaluedror appears inPre, }

e L* = {f|f appears as an Ivalue in an additive assignment effeatin

Some comment is appropriate on the last definition: an agiienondition might be considered to have
two parts — its logical part and its numeric expression-dejeat part. Unfortunately, these can be interde-
pendent. For example:

(or (clear ?x) (>= (roomin ?y) (space-for ?z)))

might be a precondition of an action. In order to handle sumiditions, we need to check whether they are
satisfied given not only the current logical state, but aledurrent values of the domain numeric expres-
sions. The inclusion of a numeric component in the state mitkeecessary to ensure the correct substitution
of the numeric values for the expressions used in the actiecopdition. This is achieved using the normal-
isation process from Definition 4 in Definition 9. In contrabte postcondition of an action cannot contain
interlocked numeric and logical effects, sastpossible to separate the effects into the distinct numedc a
logical components.

Definition 7 Valid Ground Action Leta be a ground action.a is valid if no primitive numeric expres-
sion appears as an Ivalue in more than one simple assignnfieat,eor in more than one different type of
assignment effect.
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Definition 7 ensures that an action does not attempt inctamisipdates on a numeric value. Unlike
logical effects of an action which cannot conflict, it is pb$s to write a syntactic definition of an action
in which the effects are inconsistent, for example by assgtwo different values to the same primitive
numeric expression.

Definition 8 Updating Function Leta be a valid ground action. Thepdating functiorfor a is the compo-
sition of the set of functions: ' ‘
{NPF, : R¥™ — Ri™ |y ec NP,}

such thalNPF, (x) = x’ where for each primitive numeric expressiginthat does not appear as an Ivalue in
N(p), =} = z; and N (p)[X' := x', X := x] is satisfied.

The notationV'(p)[X' := x’, X := x] should be read as the result of normalisingnd then substituting
the vector of actual values' for the parameterX’ and actual valuex for formal parameterXX.

Definition 8 defines the function describing the update ¢ffe€ an action. The function ensures that all
of the reals in the vector describing the numeric state remathanged if they are not affected by the action
(this is the numeric-state equivalent of the persistenbéssed for propositions by theTRIPSassumption).
For other values in the vector, the normalisation processésl to substitute the correctly indexed vector
elements for the primitive numeric expressions appearnnigaues (which are the primed vector elements
corresponding to values in the post-action state) and egdfilne unprimed values appearing in the pre-action
state). The tests that must be satisfied in order to ensureatdwehaviour of the functions in the composition
simply confirm that the arithmetic on the rvalues is corseapiplied to arrive at the lvalues. The requirement
that the action be valid ensures that the composition ofuhetfons in Definition 8 is well-defined, since alll
of the functions in the set commute, so the composition cazab@ed out in any order.

The various sets of primitive numeric expressions definetthénDefinition 6 allow us to conveniently
express the conditions under which two concurrent actiagbinmterfere with one another. In particular, we
are concerned not to allow concurrent assignment to the gaimétive numeric expression, or concurrent
assignment and inspection. We allow concurrent increase or decrease of a primitive nucrexpression.
To allow this we will have to apply collections of concurrergdating functions to the primitive numeric
expressions. This can be allowed provided that the funstimmmute. Additive assignments do commute,
but other updating operations cannot be guaranteed to dexsept if they do not affect the same primitive
numeric expressions or rely on primitive numeric exprasstbat are affected by other concurrent assignment
propositions. It would be possible to make a similar exaepfor scaling effects, but additive assignment
effects have a particularly important role in durative @t that is not shared by scaling effects, so for
simplicity we allow concurrent updates only with these effe We use the three sets of primitive numeric
expressions to determine whether we are in a safe situationto Within a single action it is possible for
the rvalues and Ivalues to intersect. That is, an action pdate primitive numeric expressions using current
values of primitive numeric expressions that are also wgatiby the same action. All rvalues will have the
values they take in the state prior to execution and all kawill supply the new values for the state that
follows.

Definition 9 Satisfaction of PropositionsGiven a logical states, a ground propositional formula ¢fbbL2.1,
p, defines a predicate ™, Nun(s, p), as follows:

Nunts,p)(x) iff s = N(p)[X :=x]

wheres = ¢ means thay is true under the interpretation in which each atom,that is not a numeric
comparison, is assigned true if € s, each numeric comparison is interpreted using standardaétyu
and ordering for reals and logical connectives are givenitthisual interpretationsp is satisfiedin a state
(t,s,X) if Num(s, p)(X).

Comparisons involvingL, including direct equality between twbo values are all undefined, so that
enclosing propositions are also undefined and not satisfieshy state.

Definition 10 Applicability of an Action Leta be a ground actiona is applicablein a states if the Pre,
is satisfied irs.
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7.1 Semantics of a Simple Plan

A simple plan, inPbDL2.1, is a sequence of timed actions, where a timed actiorhledsllowing syntactic
form:

t: (actionp; ...py)

In this notationt is a positive rational number in floating point syntax andeRpressior{actionp; . . .p,)

is the name and actual parameters of the action to be exeautiedt point in time. In more complex plans
simple and durative actions, with or without numeric-valwdfects or preconditions, can co-occur — the
semantics of such plans is discussed in Section 8. No spgegiatators are required to separate timed actions
in the sequence and the actions are not required to be peesarnime-sorted order. It is possible for multiple
actions to be given the same time stamp, indicating that sheyld be executed concurrently. It should be
emphasised that the earliest point at which activity oceuitlsin a plan must be strictly after time 0. This
constraint follows from the decision to make the initialtstae the state existing at time 0, together with the
decision, in the semantics, that actions have their effadise interval that i<losed on the leftstarting at
the time when the action is applied, while preconditiongeséd in the interval that igpen on the righthat
precedes the action.

In order to retain compatibility with the output of curredépners the following concession is made: if
the plan is presented as a sequence of actions with no tinmspttien it is inferred that the first action is
applied at time 1 and the succeeding actions apply in seguarintegral time points one unit apart.

A simple plan is a slight generalisation of the more famitiaripsstyle classical plan, since actions are
labelled with the time at which they are to be executed.

Definition 11 Simple PlanA simple plan SP, for a planning instance], consists of a finite collection of
timed simple actionshich are pairs(t, a), wheret is a rational-valued time and is an action name.
Thehappening sequencf; }i—o...x. for SP is the ordered sequence of times in the set of times appearing
in the timed simple actions ifP. All ¢; must be greater thaf. It is possible for the sequence to be empty
(an empty plan).
Thehappeningt timet, E;, wheret is in the happening sequence ®P, is the set of (simple) action
names that appear in timed simple actions associated wéhitmet in SP.

A plan thus consists of a sequence of happenings, each beetgéaction names applied concurrently
at a specific time, the sequence being ordered in time. Thestamh which these happenings occur forms
the happening sequence. It should be noted that action namesnbiguous when action schemas contain
conditional effects — the consequence of flattening is teetsplit these actions into multiple actions with
identical names, differentiated by their preconditionsowldver, at most one of each set of actions with
identical names can be applicable in a given logical stateeghe precondition of each action in such a set
will necessarily be inconsistent with the precondition oy @ther action in the set, due to the way in which
the conditional effects are distributed between the pdiestion schemas they induce.

In order to handle concurrent actions we need to define thatgins in which the effects of those actions
are consistent with one another. This issue was first disdussSection 5.1. The mutual exclusion rule for
PDDL2.1 is an extension of the idea a€tion mutexconditions for GraphPlan (Blum & Furst, 1995). The
extension handles two extra features: the extended expegzswer of the language (to include arbitrary
propositional connectives) and the introduction of numesipressions. We make a very conservative con-
dition for actions to be executed concurrently, which easuhat there is no possibility of interaction. This
rules out cases where intuition might suppose that coneayris possible. For example, the actions:

(:action a
:precondition (or p q)
ceffect (r))

(:action b

:precondition (p)
ceffect (and (not p) (s)))

could, one might suppose, be executed simultaneously iata ist which bothp andq hold. The following
definition asserts, however, that the two actions are muk&e reason we have chosen such a constrained
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definition is because checking for mutex actions must beabde and handling the case implied by this
example would appear to require checking the consequenicgéenieaving preconditions and effects in all
possible orderings. The condition on primitive numericregsions has already been discussed — it deter-
mines that the update effects can be executed concurremlithat they do not affect values which are then
tested by preconditions (regardless of whether the resfitttose tests matter to the satisfaction of their en-
closing proposition). This is the rule ab moving targetsno concurrent actions can affect the parts of the
state relevant to the precondition tests of other actiorthérset, regardless of whether those effects might
be harmful or not. It might be considered odd that the preitimms of one action cannot refer to literals in
the add effects of a concurrent action. We require this beeateconditions can be negative, in which case
their interaction with add effects is analogous to the mt&on between positive preconditions and delete
effects. The no moving targets rule makes the cost of deténgiwhether a set of actions can be applied
concurrently polynomial in the size of the set of actions #air pre- and post-conditions.

Definition 12 Mutex Actions Two grounded actiong, andb are non-interferingf

GPre, N (Addy U Dely) = GPre, N (Add, U Del,) = 0
Add, N Dely, = Addy N Del, =
LiNBRy=R,NL,=10
L.NLy CL:UL

If two actions are not non-interfering they ameutex

The last clause of this definition asserts that concurretigragcan only update the same values if they
both do so by additive assignment effects.

We are now ready to define the conditions under which a simiale is valid. We can separate the
executability of a plan from whether it actually achieves ititended goal. We will say that a plan is valid if
it is executabl@ndachieves the final goal. Executability is defined in terms$efdequence of states that the
plan induces by sequentially executing the happeningsttafines.

Definition 13 Happening ExecutionGiven a state(t, s, x) and a happeningH, theactivity for H is the
set of grounded actions

Apg = {althe name for is in H, a is valid and Pre, is satisfied in(¢, s, x)}

Theresult of executing a happening, associated with timey, in a state(t, s, x) is undefined ifA | #
|H| or if any pair of actions ind ;; is mutex. Otherwise, it is the statgy, s’, x') where

s'=(s\ U Del,) U U Add,

a€Ag a€An
andx’ is the result of applying the composition of the functi¢N®F, |a € Ay} tox.

Since the function$NPF, | a € Ay} must affect different primitive numeric expressions, extaghere
they represent additive assignment effects, these furgtioll commute and therefore the order in which
the functions are applied is irrelevant. Therefore, theiealfx’ is well-defined in this last definition. The
requirement that the activity for a happening must have dineesnumber of elements as the happening itself
is simply a constraint that ensures that each action namieeihappening leads to a valid action that is
applicable in the appropriate state. We have already sesrctimditional effects induce the construction
of families of grounded actions, but that at most one of eachilfy can be applicable in a state. If none
of them is applicable for a given name, then this must meaintigaprecondition is unsatisfied, regardless
of the conditional effects. In this case, we are assertiag tthe attempt to apply the action has undefined
interpretation.

Definition 14 Executability A simple plan,SP, for a planning instance], is executable if it defines a
happening sequencét; };—o...r, and there is a sequence of statéS; };—¢...x+1 such thatSy is the initial
state for the planning instance and for each 0... k&, S; 11 is the result of executing the happening at time
t; in SP.

The stateS;. ;. is called thefinal stateproduced byS P and the state sequen¢s; };—o.. x+1 is called the
traceof SP. Note that an executable plan produces a unique trace.
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Definition 15 Validity of a Simple Plan A simple plan (for a planning instancé) is valid if it is executable
and produces a final stat&, such that the goal specification féris satisfied inS.

8. The Semantics of Durative Actions

Plans with durative actions with discrete effects can bemy& semantics in terms of the semantics of simple
plans. Handling durative actions that have continuoustsffis more complex — we discuss this further in
Section 9.
Durative actions appearing in a plan must be given with aritiagdl field indicating the duration. This
is given with the syntax:
t: (actionp; ...py)[d]

whered is a rational valued duration, written in floating point syt

Durative actions are introduced into the framework we hafindd so far by generalising Definition 1
to include durative action schemas. The definition of theugded action must now be extended to define
the form of grounded durative actions. However, this definitan be given in such a way that we associate
with each durative action two simple (non-durative) acticzorresponding to the end points of the durative
action. These simple actions can, together, simulate alatlosf the behaviour of the durative action. The
only aspects that are not captured in this pair of simpleastare the duration of the durative action and the
invariants that must hold over that duration. These two el@can, however, be simply handled in a minor
extension to the semantics of simple plans, and this is theoagh we adopt. By taking this route we avoid
any difficulties in establishing the effects of interactdretween durative actions — this is all handled by the
semantics for the concurrent activity within a simple plas.we will see, one difficulty in this account is the
handling of durative actions with conditional effects thahtain conditions and effects that are associated
with different times or conditions that must hold over theienduration of the action. Since these cases
complicate the semantics we will postpone treatment of thatit the next section and begin with durative
actions without conditional effects.

The mapping from durative actions to non-durative acticaasthe important consequence that the mutex
relation implied between non-durative actions is (advgetaisly) weaker than the strong mutex relation used
in, for example, TGP (Smith & Weld, 1999). Two durative an8aan be applied concurrently provided that
the end-points of one action do not interact either with theé-points (if simultaneous) or the invariants of
the other action.

Definition 16 Grounded Durative Actions Durative actions are grounded in the same way as simple ac-
tions (see Definition 6), by replacing their formal paramsteith constants from the planning instance
and expanding quantified propositions. The definition ofatiue actions requires that the condition be a
conjunction of temporally annotated propositions. Eacmperally annotated proposition is of the form
(at start p), (at end p) or (over all p), wherep is an unannotated proposition. Similarly, the
effects of a durative action (without continuous or corutitil effects) are a conjunction of temporally anno-
tated simple effects.
The duration field oD A defines a conjunction of propositions that can be separatelhC?4 , and

star
DCP4 | theduration conditiondor the start and end oD A, with terms being arithmetic expressions and
2dur at i on. The separation is conducted in the obvious way, plaairgjartconditions intoDC24 . andat
endconditions intaDC24.

Each grounded durative actiod) A, with no continuous effects and no conditional effects dsfiwo
parameterised simple actiof3A;,, and D A.,,4, where the parameter is thedur at i on value, and a
single additional simple actio® 4;,,,, as follows.

DA (DAgnq) has precondition equal to the conjunction of the set of adppsitions,p, such that
(at start p) ((at end p))is a condition ofD A, together withDCLA, (DCP4), and effect equal to
the conjunction of all the simple effects, such that(at start e) ((at end e)) is an effect ofD A
(respectively).

DA;ny, is defined to be the simple action with precondition equah&conjunction of all propositions,
p, such thaf over all p) is a condition ofD A. It has an empty effect.

Every conjunctin the condition @ A contributes to the precondition of precisely onédod 5,41, D Acna

or D A;,,. Every conjunctin the effect &f A contributes to the effect of precisely ondbfl ;;,,+ or D Acpq.
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For convenience) Azt (D Acng, DAiny) Will be used to refer to both the entire (respective) singuton
and also to just its name.

The actiond) A, andD A,.,4 are parameterised gur at i on and this parameter must be substituted
with the correct duration value in order to arrive at the tivogde actions corresponding to the start and end
of a durative action.

Definition 17 PlansA plan, P, with durative actions, for a planning instande consists of a finite collection
of timed actionswhich are pairs, each either of the forth a), wheret is a rational-valued time and is a
simple action name — an action schema name together withathgtants instantiating the arguments of the
schema, or of the forr¥, a[t']), wheret is a rational-valued timeg is a durative action name and is a
non-negative rational-valued duration.

Definition 18 Induced Simple Planlf P is a plan then théhappening sequender P is {t;}i—o...k, the
ordered sequence of time points formed from the set of times

{t|(t,a) € Por(t,al[t']) € Por(t —t', a[t']) € P}
Theinduced simple plafor a plan P, simplify( P), is the set of pairs defined as follows:
e (t,a) for each(t,a) € P wherea is a simple (non-durative) action name.

e (t,astqrt[?duration := ¢t']) and (¢ + ', a.nq[?duration := t']) (these expressions are simple
timed actions — the square brackets denote substitutishfof 2dur at i on in this case) for all pairs
(t,alt']) € P, wherea is a durative action name.

o ((t; +tiy1)/2, ainy) for each pair(t, a[t']) € P and for each such that < ¢; < t + ¢/, wheret; and
t;11 are in the happening sequence fBr

The process of transforming a plan into a simple plan inwimroducing actions to represent the end
points of the intervals over which the durative actions ie pan are applicable. Duration constraints con-
vert into simple preconditions on start or end actions, irigmithe substitution of a numeric value for the
?dur at i on field to complete the conversion into simple actions. The maration to this process is that
invariants cannot be associated with the end points, but beishecked throughout the interval. This is
achieved by adding to the simple plan a collection of speaitibns responsible for checking the invariants.
These actions are added between each pair of happeningsangimal plan lying between the start and end
point of the durative action. Because the semantics of iplains requires that the preconditions of actions
in the plan be satisfied, even though they might have no sfféet consequence of putting these monitoring
actions into the simple plan is to ensure that the origireah fid judged valid only if the invariants remain true,
firstly, after the start of the durative action and, subsatjyeafter each happening that occurs throughout
the duration of the durative action. One possibility is tokenghese monitoring actions occur at the same
times as the updating actions, but this would require valod® accessed at the same time as they might be
being updated, violating the no moving targets rule. In otdeavoid this problem the monitoring actions
are interleaved with the updating actions by inserting tineicway between pairs of successive happenings
in the interval over which each durative action is execut@dly happenings in the original plan need be
considered when carrying out this insertion, since theriamt-checking actions themselves cannot have any
effect on the states in which they are checked.

Alternative treatments of invariants are possible, butrapdrtant advantage of the approach we have
taken is that the semantics rests, finally, on a state-transnodel in a form that is familiar to the planning
community. That is, plans can be seen as recipes for statsiion sequences, with each state-transition
being a function from the current state of the world to thetnéfowever, durative actions complicate this
picture because they rely on a commitment, once a duratitrenaltas been started, to follow it through
to completion. That commitment involves some sort of comitation across the duration of the plan.
The communication can be managed by structures outsidddhethat examine the trace, or by artificial

1. Care should be taken in reading this definition — the legudct allows the time corresponding to #redof execution of a durative
action to be included as a happening time.
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modification of the plan itself to ensure that states cartyaeiformation from the start to the end of the
durative action. The latter approach has the disadvantegas$ durative actions become more complex the
artificial components that must be added to the plan becormme mwusive. This is particularly apparentin
the treatment of conditional effects that require cond#itested at the start of a durative action, or across its
duration, but effects that are triggered at the end, sinestlcases require some sort of “memory” in the state
to remember the status of the tested conditions from theaftéine durative action to the end point. These
memory conditions allow us to avoid embedding an entire @tk@c history in a state by substituting ad
hocmemory of the history for just those propositions and atflasse times it is required. The management
of conditional effects of this form, in the mapping from diiva actions to simple actions, is discussed further
in sub-section 8.1.

We can now conclude the definitions supporting the validitg plan with durative actions.

Definition 19 Executability of a Plan A plan, P (for a planning instance), is executable if the induced
simple plan forP, simplify( P) is executable, producing the traé; = (t;, s;, vi) }i=o.. k-

Definition 20 Validity of a Plan A plan, P (for a planning instance), is valid if it is executable andhé
goal specification is satisfied in the final state produced®induced simple plan.

8.1 Durative Actions with Conditional Effects

We now explain how the mapping described in the previousaeis extended to deal with durative actions
containing conditional effects.

First, we observe that temporally annotated conditionsadfetts can be accumulated, because the tem-
poral annotation distributes through logical conjunctidrnerefore, we can convert conditional effects so
that their conditions are simple conjunctions of at most ahstart condition, at most onat endcondi-
tion and at most onever all condition. It should be noted that we do not allow logical mwectives other
than conjunction in combining temporally annotated prifmss. Allowing other connectives would create
significant further complexity in the semantics and createptially paradoxical opportunities for commu-
nication from future states to earlier states. Similarlgooditions, durative action effects can be reduced to
a conjunction of at most onat start effect and at most onat endeffect. Treatment of conditional effects
then divides into three cases. The first case is very stifaigterd: any effect in a durative action of the form
(when (at t p) (at t q)), where the condition and the effect bear the same singledexhpnnota-
tion, can be transformed into a simple conditional effe¢hefform(when p q) attached to the start or end
simple action according to whetheis startor end Since this case is straightforward we will not explicitly
extend the previous definitions to cope with it. The secorsg ¢ one in which the condition of a condition
effect hasat startconditions and the effect has endeffects.

Note that we consider conditional effects in which the @Bemccur at the start, but with conditions
dependent on the state at the end or over the duration of tltmat be meaningless. This is because they
reverse the expected behaviour of causality, where caeseges effect. In any attempt to validate a plan by
constructing a trace such reversed causality would be ajmaipdem, since we could not determine the initial
effects of applying a durative action until we had seen wbatdions held over the subsequent interval and
conclusion of its activity, but, equally, we could not seeatthe effects of activity during the interval would
be without seeing the initial effects of applying the duratiction. This paradox is created by the opportunity
for an action to change the past.

To handle this second case we need to modify the state akestnt of the durative action to “re-
member” whether the start conditions were satisfied and aamzate this to the end of the durative ac-
tion where it can then be simply looked up in the (then) curstate to determine whether the condi-
tional effect should be applied. We achieve this by applyantransformation to conditional effects of
the form(when (and (at start ps) (at end pe)) (at end q)) into a conditional effect added
to the start simple action,when ps (M.)), and a conditional effect added to the end simple action,
(when (and pe (Ms)) q), whereM,; is a special new proposition, unique to the particular ctoowmial
effect of the particular application of the durative actiming transformed. By ensuring that this proposition
is unique in this way, there is no possibility of any otheri@ttin the plan interfering with it, so it repre-
sents an isolated memory of the fact thatheld in the state at which the durative action was started. If
conditional effect does not haw endconditions, the same transformation can be applied, singplgring
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Initial Durative Action

(:durative-action A
:parameters ()
:duration (= ?duration 2)
:condition ()
-effect (when (and (at start P) (at end Q))
(at end R)))

U

Transformation to simple actions

(:action A-start (:action A-end
:parameters () :parameters ()
:precondition () :precondition ()
-effect (when P P*)) -effect (when (and P* Q) R))
ML Expansion of conditional effects N
(:action A-start (:action A-start (:action A-end (:action A-end
:parameters () :parameters () :parameters () :parameters ()
:precondition (P) :precondition (not P) :precondition (and P* Q) :precondition (or (not P*) (not Q))
-effect (P*)) -effect () -effect (R)) -effect ()

Transformation of Plan to Simple Plan

Plan Plan
1:A[2] :> 1:A-start
3:A-end

Figure 15: Conversion of a durative action into non-duragietions and their grounded forms.

pe in the previous discussion. Figure 15 depicts the transitiom of a single durative action, with a
conditional effect, into a collection of level 2 actionsngplete with the appropriate “memory” proposition
(in this case called®*).

The importance of the memory introduced in this transforomais explained in Figures 16 and 17. Fig-
ure 16 shows the ambiguity that results from not remembédravg a state, on the trajectory of a plan, was
reached. The figure illustrates that if one is in a sfdte), —R) at the point when durative actiof (as
described in Figure 15) ends, it is impossible to determiomfthe state alone wheth@&r should be added
or not. This is because it is possible to have reached the (at), —R) by at least two different paths,
with at least one path having sednstarted in a state in whick held and at least one path having seen
started in a state in whicR did not hold (using an action, achievg-with P as its only effect). The state
(P,Q,—R) does not contain any information to disambiguate which pa&hk used to reach it, and hence
cannot determine the correct valueidgfter A ends.

The third, and final, case is where the durative action haditional effects of the form:

(when (and (at start ps) (over all pi) (at end pe)) (at end q)).

Again, if the effect has nat startor at endconditions the following transformation can be appliedsiyn
ignoringps or pe as appropriate. In this case we need to construct a tranafianmthat “remembers” not
only whetherps held in the state at which the durative action is first appllad also whethepi holds
throughout the interval from the start to the end of the dueadction. Unlike the invariants of durative
actions, these conditions are nmejuiredto hold for the plan to be valid, but only determine what effec
will occur at the end of the durative action. The idea is to ingervening monitoring actions, rather as we
did for invariants in definition 18. This is achieved by adylia further effect to the start actior§:M,;) .
Then, the monitoring (simple) actions that are requirecthra precondition, but a single conditional effect:
(when (and (My;) (not pi)) (not (Mys))). Once againy,; is a special new proposition unique to
the conditional effect for the application instance of theadive action being transformed. The monitoring
actions are added at all the intermediate points that aré fssethe monitoring actions in Definition 18.
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1:A-start

A:hieve-P
@ 1:A-start

Figure 16: Flawed state space resulting from failure to me¢tbe path traversed when conditional effects
span the interval of a durative action. The arc labedlelieve-Rndicates the possible application
of some action that achieves the proposition P.

PO 1 A-start /"p« p\ 3:A-end P.Q
R~PF \ QR = gps
2:achieve P 3:A-end

“P,Q 1:A-start /~P,Q P,Q,
_R_p* ~R~P}  \~R~P

Figure 17: Correct state space showing use of “memory” sibpo P*. The arc labelledchieve Hndicates
the possible application of some action that achieves theqgsition P.

The same transformation used in the second case above isecggain for theat start condition,ps, so
(when ps (M,)) is added as a conditional effect to the start simple actiomally, we add a conditional
effect to the end (simple) actiorgwhen (and (Ms) (M) pe) q). The effect of this machinery is to
ensure that if the propositigsi becomes false at any time between the start and end of thévéuaation
thenM,; will be deleted, but otherwise at the end of the durativeoadi,. will hold precisely ifps held at
the start of the action and,; will hold precisely ifpi has held over the entire duration of the durative action.
Therefore, the conditional effect of the end action actseate intuitively correct behaviour of asserting its
conditional effect precisely when theg start condition held at the start of the durative action, #teend
condition holds at the end of the durative action andvtsr all condition has held throughout the duration of
the action.

The addition of these new memaory-checking actions meam# tao longer true to claim that the added
actions cannot change the state. However, memory propasgire unique to the task of communication for a
single action instance, so the effects that memory-chgagdtions might have on these have no implications
for other invariants.

9. The Semantics of Continuous Durative Actions

The introduction of continuous durative actions compbsahe semantics. It is no longer possible to handle
invariants by insertion of simple actions between othempleajngs in a plan to test their continued satisfac-
tion. In fact, continuous effects can, in principle, causdravariant to be satisfied over some parts of an
interval and not over others. Ignoring invariants for a matmapdates to numeric values caused by continu-
ous effects can be applied as discrete updates at time pathta the interval over which they apply. These
updates behave slightly differently to the discrete upslate have seen in durative actions with discrete ef-
fects, since its possible for a continuous update to affect a variable thatigurrently affected by a discrete
update, or examined by a precondition, without creatinghannsistency. For example, if the water heating
action in Figure 14 is applied with the concurrent additiéio egg to the pan with a precondition that the
temperature of the water is between 90 and 95 degrees thealtreeof the temperature can be examined at
the moment of application of the action adding the egg. Thiseicause the temperature change is actually
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happening over the interval between the start of the heatigthe point at which the egg is added, rather
than as a discrete update at the point the egg is added. Tipertatuare is not actually changed at the instant
of the addition of the egg.

In this section we summarise the semantics for continudie: Where the semantics for discrete dura-
tive actions is defined in terms of the familiar state-triosisemantics, the continuous semantics introduces
a different formulation.

Definition 21 A Continuous Durative Action A continuous effecis an effect expression that includes the
symbol#t . A continuous durative actias a durative action with at least one continuous effect.

Definition 22 Continuous Update FunctionLet C' be a set of ground continuous effects for a planning
instance,l, and St = (¢,.5,X) be a state. Theontinuous update functicsefined byC for stateSt is the
functionfe : R — R™, wheren is dim;, such that:

dfe _
dt

and
fe(0)=X
whereg is the update function generated for an actiowith:

NP, ={(<op> P Q [(<op> P (* #t Q) €C}

Definition 22 shows how the continuous effects of severatinaous durative actions can be combined
to create a single system of simultaneous differential Bguswhose solution, given an appropriate starting
point, defines the evolution of the continuously varyingsesl.

Definition 23 Induced Continuous PlanLet I be a planning instance that includes continuous durative
actions andP be a plan forI. Theinduced continuous plafor P is a triple, (S, Invs, Cts), whereS is
simpli fy(P), Invs is the set ofnvariant constraints

Invs = {(Q,t,t +d) | (t,a[d]) € Pand(over all Q isan invariantford}

Lett; and ;41 be two consecutive times in the happening sequenceifepli fy(P). The set ofctive
continuous effectever(¢;, t;11) is:

{Q|(t,ald]) € P, (t;,ti41) C [t,t + d]andQ is a continuous effect af}
andC'ts is the set obystems of continuous effects
Cts = {(C,t;,t;11) | C'is the set of active continuous effects olgrt; 1)}

The components of a continuous plan separate out the imfaxdamditions and continuous effects from
the rest of the simple plan in order to allow correct appilarabf the continuous updates and to allow confir-
mation that the invariants hold in the face of the continuefiects.

Definition 24 TraceLet! be a planning instance that includes continuous durati@®as, P be a plan for
I, (SP, Inv,Cts) be the induced continuous plan B {t;};—o...;. be the happening sequence fand S,
be the initial state fod. Thetracefor P is the sequence of statés;};—o.. x+1 defined as follows:

e Ifthere is no elementC, ¢;,t;11) € Cts thenS;,, is the state resulting from applying the happening
att; in the simple plars P to the stateS;.

e If (C,t;,t;01) € Cts then letT; be the the state formed by substitutifig;.1 — ¢;) for the numeric
part of stateS;, wheref is the continuous update function defined®fjor stateS;. ThenS;,, is the
state resulting from applying the happening ain the simple plarb P to the statel;. If f is undefined
for any element irC'ts then so is the trace.
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Definition 24 defines a trace in a similar fashion to the trdoesimple plans and plans with durative
actions. The key difference is the need to apply the contisugpdates. These are handled by solving the
systems of simultaneous differential equations acrodsie&erval in which they are active and then applying
the result to update the numeric values across that intédfalourse, this is easier to describe than it is to do,
since solving arbitrary simultaneous differential eqoiasi algorithmically is not generally possible. Under
certain constraints this semantics can be implementediier oo confirm the validity of a plan automatically.

Definition 25 Invariant Safe Let I be a planning instance that includes continuous durativioas, P be
aplanforl, (S, Inv,Cts) be the induced continuous plan férand {S; };=o...x+1 be the trace forP. For
each(C,t;,t;11) € Cts let f; be the continuous update function defined’bfor S;. P is invariant safef,
for eachf; that is defined and for eact), ¢, u) € Inv such that[(t;,t;+1)] = I C (t,u), thenVz € I,
Num (s, Q)(fi(x)) wheres is the logical state ir5;.

In this definition, the symbol$..)] are used to mean that the intervhlcan be closed or open at either
end.

From a semantic point of view, invariants must be checkedetyegoint in the interval over which they
apply. When the interval contains only finitely many diserethanges then the obligation can be met by con-
sidering only the finite number of points at which change og¢a fact that is exploited for discrete durative
action plan semantics in Definition 18). When there is cartirs change the obligation is much harder to
meet. In practice, the invariants can be checked by examihi@ possible roots of the function describing
continuous change, but finding those roots can be very diffitgeneral. Again, suitable constraints on the
forms of differential equations expressed in a domain cakentfze validation problem tractable.

The last two definitions simply assemble the componentsrteeaat analogous definitions to those for
executability and validity of simple plans and plans withative actions.

Definition 26 Executability of a Plan A plan P containing continuous durative actions, for planning in-
stancel, with induced continuous pla(s, Invs, Cts). P is executablef the trace for P is defined,
{S;}i=0...k+1, and itis invariant safe.

Definition 27 Plan Validity A plan P containing durative actions, for planning instanées valid if it is
executable, with trac€S; }i=o...x+1 and S+ satisfies the goal id.

10. Plan Validation

Plan validation is an important part of the userefDL, particularly in its role for the competition. With
approximately 5000 plans to consider in the competitiond@2, it can be seen that automation is essential.
The validation problem is tractable for propositional vens of PDDL because plans are finite and can be
validated simply by simulation of their execution. The issst more complicated fapDDL2.1 because the
potential for concurrent activity, possibly in the face afimeric change, makes it necessary to ensure that
invariant properties are protected and that concurreiMitgds non-interfering.

When durative actions are used there is a question over athathlan should be considered valid if it
does not contain all of the end points of the actions initiatethe plan. When an action is exploited in a
plan for the effect it has at the end of its duration it is clgeat that end point will be present in the plan,
but when an action was selected for its start effect thisss tdear. A match-striking action is performed
for its start effect, not in order to have a burned out matdeatend of a brief interval. It could be argued
that, having obtained the desired start effect the end adithien is irrelevant and the plan can terminate (as
soon as all goals are achieved) without ensuring that alated actions end safely. Indeed, the plan search
process in Sapa (Do & Kambhampati, 2001) can terminate tthiése are still queued events awaiting the
advancement of time. However, it is possible to conceivdataatons in which the end point of an action,
incorporated only for its start effect, introduces incatencies in the plan so that its inclusion would make
the plan invalid. In these cases it seems that plan validitfccbe compromised by ignoring end effects.

In order to avoid having to resolve these complexities, weettaken the view that abpL2.1 plan is
valid only if all action start and end points are explicit it the plan. Having identified that this is the case
we then proceed to confirm that all happenings within the pfemmutex-free.
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Semantic interpretation of plans Validation of plans

=

mapping semantics to pragmatjc
realisation in automated validation procgss

mapping semantic plans to their syntact

Semantic plan objec counterparts. Syntactic plan object

A specific pair of mappings

Figure 18: The pragmatic mapping between semantics of gladheir validation by automated computa-
tional processes. The shaded area contains plans thattdenimterpreted within the theoretical
semantics. It can be seen that a plan in this collection istimgjuishable from a meaningful plan
when mapped to the syntactic side of the picture.

Plan validation is decidable for domains including disieel and, under certain constraints, continuous
durative actions because all activity is encapsulated thighdurative actions explicitly identified by a plan.
This makes the trace induced by a plan finite and hence chieckale therefore observe that the validation
problem forrDDL2.1 is decidable even when actions contain duration inéégsal This is because the work
in determining how the duration inequalities should be edlhas already been completed in the finished
plan so validation of the plan can proceed by simulationéiecution, as is the case feoDL plans. The
problem is tractable for domains without continuous effebut the introduction of continuous effects can,
in principle, allow expression of domains with very compfarctions describing numeric change (Howey
& Long, 2002). Under the assumption that continuous effamgestricted to description in terms of simple
linear or quadratic functions, without any interactionsdmen concurrent continuous effects, plan validity is
tractable. The cost in practice is increased however, sinoay be necessary to solve polynomials in order
to check invariants. Validation of plans containing morenptex expressions of change is being explored.

Although plan validity checking is tractable, there is attetly that arises because of the need to represent
plans syntactically and the difficulties involved in exygieg numbers with arbitrary precision. In principle,
all of the values that are required to describe valid plaesadgebraic (assuming we constrain continuous
effects as indicated above), and therefore finitely repradde. In practice, expecting planners to handle
numbers as algebraic expressions seems unnecessariljicaegand it is far more reasonable to assume
that numbers will be represented as finite precision flogiigt values. Indeed, the syntax we have adopted
for the expression of plans restricts planners to exprgssires as finite precision floating point values. With
this constraint, and because of limitations on the pregisidloating point computations in implementations
of plan validation systems, it is necessary to take a morgrpadic view of the validation process and accept
that numeric conditions will have to be evaluated to a cerntalerance. Otherwise, it can occur that there
is no way to report a plan to the necessary degree of accuvadytd have a valid interpretation under the
semantics we defined in Section 8. In most cases, a plan thaifisg time points to, for example, four
significant digits, is a reasonable abstraction of the eti@etime activity that will be needed to control the
flow system. No plan can specify time points absolutely js&lgj so abstraction is forced upon the planner
by the fact that it is working with models of the world and o physical world itself. The problem, then, is
one of the relationship between the theoretical semamntidshee pragmatic concerns of automated validation.

In Figure 18 this relationship is depicted in terms of whatds of plans can be automatically validated.
The left side of the picture describes the theoretical séicgrwith the arrow indicating the link between
plans and their interpretation under the theoretical s¢icgri-or example, it is possible to construct a domain
and problem for which a plan that requires an action to happtime/2 is a meaningful semantic object, but
for which a plan that specifies that the action happen at tifikis not a meaningful semantic object because
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1.41 is not equal to/2. These two plans are distinct, and only one is correct (uthdgeassumed constraints).
The right side of the picture depicts the pragmatic valaatf syntactic plan objects. The two control plans,
though distinct in the semantics, can map to the same synagect if we assume that the validation is
subject to a tolerance of 0.01. These plans both map to theaimobject in whichl.41 approximates
the valuey/2. This syntactic plan can be validated using the pragmatidation processes necessary for
automatic validation of describable syntactic plans, Whidll check for validity subject to the tolerance of
0.01. The pragmatic constraints on the representationtaaspthe expectations about representations of
numeric values in planners and validators and their coresezps are all reasonable assumptions given that
the models against which we check validity are, in any cdsstractions, at some non-zero tolerance, of the
world. In practice, it is a problem to accept plans at spetifederance levels only in pathological cases,
while arithmetic precision in computer representationfiazfts has an immediate and negative impact if one
tries to take the stronger line that only plans that arettn@lid according to the formally precise evaluation
of expressions should be accepted.

Finally, there is an interesting philosophical issue thiages and is discussed by Henzinger and his co-
authors (Gupta, Henziner, & Jagadeesan, 1997; HenzingeaskiR, 2000). It is, in fact, not possible to
achieve exact precision in the measurement of time or othr@irmious numeric quantities. Henzinggral.
have considered this problem through the developmerdtafst automataRobust automata only accept a
trace if there exists taubeof traces within a distance > 0 of the original trace, all of which are acceptable
by the original acceptance criteria. These are cdiledy tubesndicating that time is fuzzily, rather than
precisely, detectable. This idea offers a path to a formalaseics that is closer to defining plans that are
robust to the imprecision in an executive’s ability to maasime. Unfortunately, checking fuzzy tubes is
intractable. We currently make a compromise towards it bypéidg ane value, used as the tolerance in
checking that numeric values fulfil numeric constraintsmiyiplan execution, to also represent the minimum
separation of conflicting end points within plans. This isgistent with the idea that if the planner assumes
that an executive is willing to abstract to the indicate@tahce level in the checking of preconditions for
actions then it is unreasonable to suppose that a plan cae us&kof finer grained measurements in deter-
mining when actions should be applied. At the moment theevali is set in the validation process, and
only communicated informally to planner-engineers, bunight be better to allow a domain designer to
define one appropriate for use in the particular domain. & hemain several issues concerning the correct
management of the buffers during validation (particuldilg usual problem concerning the transitivity of
“fuzzy closeness”) which are important issues for tempmratoning as a whole and are not restricted to the
planning context. We do not yet have solutions to all of thasdblems.

11. Related Work: Representing and Reasoning about Time

Representation of, and reasoning with, statements alroetaind the temporal extent of propositions has
long been a subject of research in Al including planning aese (Allen, 1984; McDermott, 1982; Sande-
wall, 1994; Kowalski & Sergot, 1986; Laborie & Ghallab, 1998uscettola, 1994; Bacchus & Kabanza,
2000). Important issues raised during the extensiopoifL to handle temporal features have, of course,
already been examined by other researchers, for exampleaing®an’s work on continuous change within
the event calculus (Shanahan, 1990a), in Shoham’s (Shd8886) and Reichgelt’s (Reichgelt, 1989) work
on temporal reasoning and work on non-reified temporal syst@acchus, Tenenberg, & Koomen, 1991).
Vila (Vila, 1994) provides an excellent survey of work in teonal reasoning in Al. In this section we briefly
review some of the central issues that have been addresseédheir treatment in the literature, and set
PDDL2.1 in the context of research in temporal logics.

Several researchers in temporal logics have consideredrtitdems of reasoning about concurrency,
continuous change and temporal extent. These works hausged on the problem of reasoning about change
when the world is described using arbitrary logical forneyland most have been concerned with making
meta-level statements (such as that effect cannot preeede) The need to handle complexlogical formulae
makes the frame problem difficult to resolve, and an apprbaskd on circumscription (McCarthy, 1980) and
default reasoning (Reiter, 1980) is typical. TéierIPSassumption provides a simple solution to the frame
problem when states are described using atomic formulae.cHssical planning assumption is that states
can be described atomically but this is not a general viesa®ihodelling of change. Although simplifying,
this assumption is surprisingly expressive. The bench rdarkains introduced in the third international

34



planning competition suggest that atomic modelling is pdwenough to capture some complex domains
which closely approximate real problems. The temporaloe#g issues we confront are not simplified as a
consequence of having made a simplifying assumption almwitstates are updated. We remain concerned
with the major issues of temporal reasoning: concurreraticuous change and temporal extent.

In the development ofDDL2.1 we made a basic decision to consider the end points ofideigctions
as instantaneous state transitions. This allows us to otrate on the truth of propositions at points instead
of over intervals. The decision to consider actions in thig/vs similar to that made by many temporal
reasoning researchers (Shanahan, 1990a; McCarthy & H4969; McDermott, 1982). In the context of
PDDL2.1 the approach has the advantage of smoothly integraithghe classical planning view of actions
as state transitions. Nevertheless, Allen has shown thatadral ontology based on intervals can be a
basis for planning (Allen, 1984, 1991) and several plansiygtems have been strongly influenced by the
intervals approach (Muscettola, 1994; Rabideau, Knighte®, Fukunaga, & Govindjee, 1999). In (Hayes
& Allen, 1987) Allen moved away from his initial position thastants are not required, introducing the
notion of momentswhich are a concept that attempts to reconcile the staratentithing is instantaneous
(so there should only be intervals) and the observationdhanges in values of discrete-valued variables,
such as propositional variables, apparently cannot av@dging at instants. This view is consistent with the
approach we take in the modelling of continuous durativemast and with the view of change as consisting
of both discrete and continuous aspects (Henzinger, 1996).

In the remainder of this section we compare Hm®L extensions that we propose with previous work in
temporal reasoning by considering the three central isslessified above. Our objective is not to claim that
our extensions improve on previous work, but instead to destnate that the implementation of solutions to
these three problems within tl®DL framework makes their exploitation directly accessiblglemning in
a way that they are not when embedded within a logic and acanwiipg proof theory.

11.1 Continuous change

Several temporal reasoning frameworks began with corediderof discrete change and, later, were extended
to handle continuous change. For example, in (Shanahafal $hanahan extended the event calculus of
Kowalski and Sergot (Kowalski & Sergot, 1986) to enable thaglling of continuous change. This process
of extension mirrors the situation faced in extendimgL, where a system modelling discrete change already
existed. It is, therefore, interesting to compare the usemifL2.1 with the use of systems such as the
extended event calculus.

In his sink-filling example (Shanahan, 1990a) Shanaharugé®s the issues of termination of events
(self-termination and termination by other events), itfamattion of the level of water in the sink during the
filling process and the effect on the rate of change in thd lefwwater in a sink when it is being filled from
two sources simultaneously. The behaviour of the fillingcpss and its effects on the state of the sink over
time are modelled as axioms which would allow an inferenagrento predict the state of the sink at points
during the execution of the process.

PDDL2.1 allows the representation of the complex interactibas arise when a sink is filled from mul-
tiple independently controlled water sources by means n€eoent durative actions with continuous effects
that encapsulate the initiation of the filling process, frarsingle water source, the change in the level of
water in the sink and the termination of the process when titemsource is turned off. This model is ro-
bust, since it easily accommodates multiple water soustegly modifying the rate of flow appropriately
by commutative updates. Since the actions have additieetsfland the model provides the rate at which
water enters the tank from a source, it is possible to comiatéevel of water in the sink at any point in
the filling interval at which a concurrent action might coligie level. In contrast to Shanahan'’s extension
to the event calculus, this approach does not require tleafilting process be (at least from the point of
view of the logical axiomatisation) terminated and rest@didt a new rate when a water source is opened or
closed, since the process simply remains active throughitgtchange in rate of filling is then reflected in a
piecewise-linear profile for the depth of water in the sinistjas it is in Shanahan’s model.

It is not possible to model the multiple water sources situraif the filling process is completely encap-
sulated within a discretized durative action. In the diszeel action the true level of water is not accessible
during the filling process but only at its end or its start.pgSienction behaviour only coarsely approximates
true behaviour, so the consequence is that complex intengatannot be properly modelled.
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One of the important consequences of continuous behawsaiiei triggering of events. In Shanahan’s
extensions this is achieved through the axiomatisatiormo$al relationships — events are not distinguished
syntactically from actions, but only by the fact that theappening is axiomatically the consequence of
certain conditions. IPDDL2.1 some events (such as the flooding of the sink if the filliogtinues after
its capacity has been reached) can be modelled by using airatioln of conditional effects and duration
inequalities. However, not all events can be modelled is #ay, since it is not always possible to predict
when spontaneous events will occepbL2.1 could be extended to allow the expression of causal axiom
but an alternative approach is to modify the language toleriab representation of events within the action-
oriented tradition. This can be achieved by breaking upinaous durative actions into their instantaneous
start and end points and the processes they encapsulate wdhid enable the execution of a process to
be initiated by a start action and ended by an instantandates tsansition that is either an action under
the control of the planner or a@vent A simple extension to the language is needed to distingatsions
from events and to prevent the planner from deliberatelycsielg an event. We refer to this approach as the
start-process-stomodel, and we have extendedpL?.1 to support it (Fox & Long, 2002). The resulting
languagepDDL+, is more difficult to plan with tharbDL2.1, and there are still open questions, concerning
the complexity of the plan validation problem for this laage, which remain topics for future work.

11.2 Concurrency

The opportunity for concurrent activities complicatesesaVaspects of temporal reasoning. Firstly, it is nec-
essary to account for which actions can be concurrent arwhdécit is necessary to describe how concurrent
activities interact in their effects on the world.

In most formalisms the first of these points is achieved byimglon the underlying logic to deliver an
inconsistency when an attempt is made to apply two incorblgatictions simultaneously. For example, the
axioms of the event calculus will yield the simultaneougitiand falsity of a fluent ifincompatible actions are
applied simultaneously and consequently yield an inctersty. Unfortunately, recognising inconsistency is,
in general, undecidable, for a sufficiently expressive lege. InPDDL2.1 we adopt a solution that exploits
the restricted form of the action-centred formalism, definthe circumstances in which two actions could
lead to inconsistency and rejecting the simultaneous egqijdin of such actions. We favour a conservative
restriction on compatibility of actions (th moving targetsule), in order to support efficient determination
of incompatibility, rather than a more permissive but elasuling. An alternative approach, adopted by Bac-
chusin TLplan (Bacchus & Ady, 2001), for example, is to allowltiple actions to occur at the same instant,
but nevertheless to be executed in sequence. We find thisessokounter-intuitive and, more importantly,
consider that it would be impossible to use a plan of this&®gn instruction to an executive — no executive
could be equipped to execute actions simultaneously and getpecified order. Our view is that if the order
of execution matters then the executive must ensure thaictiens are sequenced and can only do so within
the limitations of its capability to measure time and readts passing.

Shanahan (Shanahan, 1999) discusses Gelfond’s (Gelfifisdhitz, & Rabinov, 1991) example of the
soup bowl in which the problem concerns raising a soup bowauit spilling the soup. Two actions, lift left
and lift right, can be applied to the bowl. If either is applien its own the soup will spill, but, it is argued, if
they are applied simultaneously then the bowl is raised fiteriable and no soup spills. Shanahan considers
this example within the event calculus, where he uses aricib@dsertion of the interaction between the lift
left and lift right actions to ensure that the spillage efiscancelled when the pair is executed together. The
assumption is that the two actions can be executed at phetiesame moment and that the reasoner can
rely on the successful simultaneity in order to exploit tfiect.

In PDDL2.1 we take the view that precise simultaneity is outsidectiv@rol of any physical executive.

A plan is interpreted as an instruction to some executivéesysand we hold that no executive system is
capable of measuring time and controlling its activity dti@arily fine degrees of accuracy. In particular, it
is not possible for an executive to ensure that two actioasrtiust be independently initiated are executed
simultaneously. If a plan were to rely on such precision irmsugement then, we claim, it could not be
executed with any reliable expectation of success and dhmmi| therefore, be considered a valid plan.

PDDL2.1 supports the modelling of the soup bowl situation in tieWwing way. Two durative actions,
lift left andlift right, both independently initiate tilting intervals which, wheomplete, will result in spillage
of the soup if their effects have not been counteracted. iéedvthat the two lift actions start within an
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appropriate tolerance of one another the tilting will bereoted and the spillage avoided without the need to
model cancellation of effects. We argue that an executineegacute the two actions to within a fine but non-
zerotolerance of one another, and can therefore succgdgfiihe bowl. The event calculus model presented
by Shanahan insists on precise synchronization of the ttwores; incorrectly allowing it to be inferred that
the soup will be spilled even if the time that elapses betvileetwo lifts is actually small enough to allow for
correction of the tilting of the bowl. Worse, Shanahan'oaxs would allow lack of precise synchronization
to be exploited to achieve spillage, using an amount of timaller than that correctly describing the physical
situation being modelled.

If one considers it unnecessary to model the precise irtterabbetween the two lifts, one has the alter-
native inPDDL2.1 to abstract out the interaction and see the soup-bdimdifction as a single discretized
action that achieves the successful raising of the bowl.

11.3 Temporal extent

A common concern in temporal reasoning frameworks, digugs detail by Vila and others (Vila, 1994;
van Bentham, 1983), is thaivided instant problemThis is the problem that is apparent when considering
what happens at the moment of transition from, say, trutll&ity of a propositional variable. The question
that must be addressed is whether the proposition is trise, fandefined or inconsistently both true and false
at the instant of transition. Clearly the last of these pmkseés is undesirable. The solution we adopt is a
combination of the pragmatic and the philosophically ppted. The pragmatic element is that we choose
to model actions as instantaneous transitions with efteetgnning at the instant of application. Thus, the
actions mark the end-points of intervals of persistenceai&svhich are closed on the left and open on the
right. This ensures that the intervals nest together withmonsistency and the truth values of propositions
are always defined. The same half-open-half-closed soligiadopted elsewhere. For example, Shanahan
observes (Shanahan, 1999) that a similar approach is uskd @vent calculus, although there the intervals
are closed on the right. Although the two choices are effeltiequivalent, we slightly prefer the closed-on-
the-left choice since this allows the validation of a placdoclude with the state at the point of execution of
its final action, making the determination of the temporalrspf the plan unambiguous.

From a philosophical point of view the truth value of the prsjion at the instant of application of an
action cannot be exploited by any other action, by virtudlodtthe no moving targets rule and our position,
outlined above, that a valid plan cannot depend on precisehsgnisation of actions. This forces actions that
require a proposition as a precondition to sit at the opernoémadhalf-open interval in which the proposition
holds.

11.4 Planning with Time

In classical planning models, time is treated as relativhatTs, the only temporal structuring in a plan,
and in reasoning about a plan, is in the ordering betweenretiThis is most clearly emphasised by the
issues that dominated planning research in the late 198D®ary 1990s, when classical planning was
mainly characterised by the exploration of partial plancggain planners such asveak (Chapman, 1987),
ucproP(Penberthy & Weld, 1992) anghLP (McAllester & Rosenblitt, 1991). Partial plans include dlec-
tion of actions representing the activity thus far deteetito be part of a possible plan and a set of temporal
constraints on those actions. The temporal constraintsinsepartial plan are all of the forid < B where
A andB are time points corresponding to the application of actions

Classical linear planners (Fikes & Nilsson, 1971; RusselN@rvig, 1995) rely on the simple fact that a
total ordering on the points at which actions are appliedozatmivially embedded into a time line. Again, the
duration between actions is not considered. The role of impanning becomes far more significant once
metric time is introduced. With metric time it is possibleassociate specific durations with actions, to set
deadlines or windows of opportunity. The problems assediatith relative time have still to be resolved in
a metric time framework, but new problems are introduceddrticular, durations become explicit, so it is
necessary to decide what the durations attach to: actiostai@s. Further, explicit temporal extents make it
more important to confront the issue of concurrency in otddrest exploit the measured temporal resources
available to a planner.
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In contrast to the simple ordering constraints requireddtative time, metric time requires more pow-
erful constraint management. Most metric time constraémtdbers are built around the foundations laid by
Dechter, Meiri and Pearl (Dechter et al., 1991). For exaniplEeT uses extensions of temporal constraint
networks (Laborie & Ghallab, 1995). The language that IxTis&s to represent planning domains is similar
to PDDL2.1 as described in this paper, but more expressive bechafiewing access to time points within
the interval of a durative action. This added expressiveguagvobtained at the cost of increased semantic
complexity and, consequently, increased difficulty in thédation of plans. However, there are many simi-
larities between the modelling of discretised durativeomstinpDDL2.1 and in IXTeT, and simialr modelling
conventions are also found in the languages of Sapa (Do & Kamipati, 2001) and Oplan (Drabble & Tate,
1994).

One of the earliest planners to consider the use of metrie tiats Deviser (Vere, 1983), which was de-
veloped fromNONLIN (Tate, 1977). In Deviser, metric constraints on the timewldth actions could be
applied and deadlines for the achievements of goals wetedqiressible and the planner could construct
plans respecting metric temporal constraints on the iotienas between actions. Cesta and Oddi have ex-
plored various developments of temporal constraint ndtatorithms to achieve efficient implementation
for planning (Cesta & Oddi, 1996) and Galipienso and Sangbaipienso & Sanchis, 2002) consider ex-
tensions to manage disjunctive temporal constraints effityi, which is a particularly valuable expressive
element for plan construction as was observed above, sorcgraints preventing overlap of intervals trans-
late into disjunctive constraints on time pointssTs (Muscettola, 1994) also relies on a temporal constraint
manager.

In systems that use continuous real-valued time it is ptessibmake use of linear constraint solvers
to handle temporal constraints. In particular, consteadtittated by the relative placement of actions with
durations on a timeline can be approached in this way (Long#&, 2003a). An alternative timeline that
is often used is a discretised line based on integers. Thentéalye of this approach is that it is possible to
advance time to aextvalue after considering activity at any given time point.eTtextmodality can be
interpreted in a continuous time framework by taking it toamé¢he state following the next logical change,
regardless of the time at which this occurs (Bacchus & Kabah298). In planning problems in which no
events can occur other than the actions dictated by the @tammd no continuous change is modelled, plans
are finite structures and therefore change can occur at dimigeanumber of time points during its execution.
This makes it possible to embed the execution of the plantianteger-valued discrete time line without
any loss of expressiveness.

Various researchers have considered the problem of modeatntinuous change. Pednault (Pednault,
1986) proposes explicit description of the functions thategn the continuous change of metric parameters,
attached to actions that effect instantaneous changettaténthe processes. However, his approach is not
easy to use in describing interacting continuous procegssgexample, if water is filling a tank at a constant
rate and then an additional water source is added to incthagate of filling then the action initiating the
second process must combine the effects of the two watecssurhis means that the second action cannot
be described simply in terms of its direct effect on the werldo increase the rate of flow into the tank —
but with reference to the effects of other actions that h&ready affected the rate of change of the parameter.
Shanahan (Shanahan, 1990b) also uses this approach, itlortequence that processes are modelled as
stopping and then restarting with new trajectories as eaelndcting action is applied.

In Zeno (Penberthy & Weld, 1994), actions have effects thadascribed in terms of derivatives. This
approach makes it easier to describe interacting procdasesomplicates the management of processes by
making it necessary to solve differential equations. Theglication has not deterred other authors from
taking this approach: McDermott takes this approach in fosgss planner (McDermott, 2003).

The introduction of continuous processes into the planpiradplem represents a considerable compli-
cation, even over a model that includes temporal featurdssapports concurrency. It is an area of active
research and the community has not yet agreed on matterprefsentation, let alone semantics. There re-
main many open problems for the planning community to adgldesth in the development of languages
and planning algorithms and also in in the development af pkxification tools that can embody a widely
accepted semantics.
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12. Conclusions

Recent developments in Al planning research have beennigade community closer to the application
of planning technology to realistic problems. This has ssitated the development of a representation
language capable of modelling domains with temporal andiafeatures in which continuous change can be
expressed. The approach we have taken towards the develbpisach a language is to extend McDermott’s
PDDL domain representation standard to support temporal andcmsadels.

The development of theDDL sequence towards greater expressive power is importahetplanning
community becausebbDL has provided a common foundation for a great deal of recesgtareh effort.
The problems involved in modelling the behaviour of domaiith both discrete and continuous behaviours
have been well explored in the temporal logic and model dngckommunities but there have been no
widely adopted models within the planning community. Ourrkvon PDDL2.1 provides a way of making
the relevant developments in these communities accedsilgianning. FurthermoregbbL2.1 begins to
bridge the gap between basic research and applicatioested planning by providing the expressive power
necessary to capture real problems.

PDDL2.1 has the expressive power to represent a class of detstimimixed discrete-continuous do-
mains as planning domains. The language introduces a fortrative action based on three connected
parts: the initiation of an interval in which numeric chamgight occur and its explicit termination by means
of an action that produces the state corresponding to theoetige durative interval. This form of action
allows the modelling of both discrete and continuous behag — discretized change can be represented
by means of step functions, whilst continuous change canduetied using the#t variable. The language
provides solutions to the critical issues of concurrenoptinuous change and temporal extent. The seman-
tics of the language is derived from the familiar state titiors semantics oETRIPS extended to interpret
invariants holding over intervals in which continuous ftions might also be active. Our semantics allows
us to interpret more plans than we can efficiently validate.d#&scribe the criteria that a plan must satisfy in
order to be practically verifiable.

This paper has focussed primarily on a discussion of the naraad discretised temporal features of
pPDDL2.1. However, the modelling capability of discretized divaactions is in some respects limited and it
is important for the planning community to address the emgjés presented by continuous change. Indeed,
even using the continuous actions)@fDL2.1 it is not possible to model episodes of change being texted
by spontaneous events in the world rather than by the dalidehoice of the planner. The future goals of
the community should include addressing domains that reghe continuous actions @bbL2.1, then
confronting the challenges of planning within more dynagmgironments in which intervals of change can
be terminated by the world as well as by the deliberate adiitime planner. This will constitute an important
step towards planning within dynamic and unpredictablérenments.
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Appendix A. BNF Specification ofPDDL2.1

This appendix contains a complete BNF specification oftheL2.1 language. This is not a strict superset of
PDDL1.X. For example, the use of local variables within actidmesoas has been left out of this specification.
It is not a widely used part of the language and has not beethinsany of the competition domains. The
interpretation of local variables as proposed by McDerrisofiubtle, since it demands confirmation that a
unigue instantiation exists for each such variable. It is-trévial to confirm that this is the case during plan
validation for domains with significant expressive powed #re fact that it has been largely ignored suggests
that it is poorly understood. Other changes are discusstgtifollowing sections.

A.1 Domains

Domain structures remain essentially as specifigtbinL1.x. The main alterations are to introduce a slightly
modified syntax for numeric fluent expressions and to rembgesyntax for hierarchical expansions. The
latter is not necessarily abandoned, but it has not, to teedfeour knowledge, been used in any publicly
available planning systems or even domains. In the origimalL specification, a distinction was drawn
betweerstrict PDDL andnon-strictPDDL, where strictDDL must follow the ordering of the fields specified
below, while non-striceDDL is not restricted in this way. In practice, there are retdyifew fields that it is
intuitive to accept in arbitrary orders — it is natural to egkpdeclarations to precede use of symbols and for
preconditions to precede effects. However, declaratibnsmstants, predicates and function symbols are not
naturally ordered, so in the current definitionraiDL the ordering of all fields must follow the specification
below, with the exception of these three fields which arellagany order with respect to one another,
although the group must follow types (if there are any) aratede action specifications.

<domai n>

(define (domain <name>)

[ <requi re-def >]

[ <t ypes- def >] :typine

[ <const ant s- def >]

[ <predi cat es- def >]

[ <functi ons- def >] :fluents

<structure-def>*)
(:requirements <require-key>T)
See Section A5
(:types <typed list (nane)>)
(:constants <typed list (nanme)>)
(:predicates <atonic fornula skel eton>t)

<require-def>
<requi re- key>
<types- def >
<const ant s- def >
<pr edi cat es- def >
<atomic fornul a skel et on>

1= (<predicate> <typed |list (variable)>)

<pr edi cat e> : <nane>
<vari abl e> 1= ?<nane>
<atomi c function skel et on>
;1= (<function-synbol > <typed list (variable)>)
<nane>
#luents (- fynctions <function typed list
(atomic function skel eton)>)
<action- def >
durative—actions <dyrative-acti on- def >

<functi on-synbol >
<functi ons-def >

<structure-def>
<structure-def>

A slight modification has been made to the type syntax — it ilbnger possible to nesi t her expres-
sions (a possibility that was never exploited, but compdisgarsing). Numbers are no longer considered
to be an implicit type — the extension to numbers is now hahdfdy through functional expressions. This
ensures that there are only finitely many ground action imtets. A desirable consequence is that action
selection choice points need never include choice ovetrarpinumeric ranges. The use of finite ranges
of integers for specifying actions is useful (see Mystery-mreCell for example) and an extension of the
standard syntax to allow for a more convenient represemtati these cases could be useful. The syntax of
function declarations allows functions to be declared witffes. At present the syntax is restricted to number
types, since we do not have a semantics for other functiaghb syntax offers scope for possible extension.
Where types are not given for the function results they asarasd to be numbers.

<typed list (z)> ::= x*
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<typed list (z)> ::
<primtive-type> ::
<type> .
<type>

‘typing p+. <type> <typed list(z)>
<nane>

(either <primtive-type>T)
<primtive-type>

T*

‘typing p+. <function type>
<function typed list(zx)>

<function typed list (z)> ::
<function typed list (z)> ::

nunber

<function type>

A.2 Actions

The BNF for an action definition is given below. Again, thissizeen simplified by removing generally
unused constructs (mainly hierarchical expansions).dtikhbe emphasised that this removal is not intended
to be a permanent exclusion — hierarchical expansion symaa)proved a difficult element of the language
both to agree on and to exploit. As the other levels of thelagg stabilise we hope to return to this layer
and redevelop it.

<acti on- def > (:action <action-synbol >
:paraneters ( <typed list (variable)>)
<action-def body>)

<name>

[: precondition <GD>]

[:effect <effect>]

<action-synbol >
<action-def body>

Goal descriptions have been extended to include fluent sgjores.

<GD>> =()

<GD> = <atomc fornula(term>

<G> —:megative—preconditions <literal (t er n) >
<G> = (and <GD>>*)

<GD> —:disjunctive—preconditions (or <G:)>*)

<GD> —:disjunctive—preconditions (nOt <G3>)

<G> —:disjunctive—preconditions (| npl y <G> <G:)>)
<GD> —texistential—preconditions

(exists (<typed list(variable)>*) <G> )

<G)> v —:universal—preconditions
(forall (<typed list(variable)>*) <G> )
:fluents <f - conmp>

(<bi nary-conp> <f-exp> <f-exp>)

<atom c fornula(t)>

(not <atom c formula(t)>)

(<predicate> t*)

<GD>>

<f - conp>

<literal (t)>
<literal (t)>
<atomic fornul a(t)>

<ternp <nane>

<ternp <vari abl e>

<f - exp> <nunber >

<f - exp> (<bi nary-op> <f-exp> <f-exp>)
<f - exp> (- <f-exp>)

<f - exp> <f - head>

<f - head> (<function-synbol > <ternm*)
<f - head> <functi on-synbol >

<bi nary- op>
<bi nary- op>
<bi nary- op>
<bi nary- op>
<bi nary- conp>
<bi nary- conp>
<bi nary- conp>
<bi nary- conp>
<bi nary- conp>
<nunber >

+

A V™ *

>=

<=

Any nureric literal

(integers and floats of formmn.n).
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Effects have been extended to include functional expresgidates. The syntax proposed here is a little
different to the syntax proposed in the earlier versiomobL. The syntax of conditional effects proposed
by Fahiem Bacchus for AIPS 2000 has been adopted, in whicmélting of conditional effects is not
supported. The assignment operators are prefix forms. Siagsignment is callegksi gn (previously this
waschange) and operators corresponding to C update assignments, — =, * = and/ = are given the
names ncr ease, decr ease, scal e- up andscal e- down respectively. The prefix form has been adopted
in preference to an infix form in order to preserve consistevith the Lisp-like syntax and the non-C names
to help the C and C++ programmers to remember that the opsrate to be used in prefix form). We
preferassi gn to the originalchange because the introduction oficr ease and so on makes the nature of
achangemore ambiguous.

<effect> O
<ef fect> (and <c-ef fect>*)
<ef fect> <c-effect>

<c-effect>
<c-effect>
<c-effect>
<p-effect>
<p-effect>
<p-effect>
<p-effect>
<cond- ef f ect >
<cond- ef f ect >

:conditional —effects (f oral l (<var i abl e>*) <ef f ect >)
:conditional —effects (V\/nen <GD> <cond- ef f ect >)
<p-effect>

(<assi gn-op> <f-head> <f-exp>)

(not <atomic formula(term>)

<atomic fornmula(ternm>

#luents (<agsi gn- op> <f-head> <f-exp>)

(and <p-effect>*)

<p-effect>

<assi gn- op> assign
<assi gn- op> scal e-up
<assi gn- op> scal e- down
<assi gn- op> i ncrease
<assi gn- op> decrease

A.3 Durative Actions
Durative action syntax is built on a relatively conservagxtension of the existing action syntax.

<durative-action-def> ::= (:durative-action <da-synbol >
cparaneters ( <typed list (variable)>)
<da- def body>)

<nane>

:duration <duration-constraint>

:condition <da-GD>

ceffect <da-effect>

<da- synbol >
<da- def body>

The conditions under which a durative action can be exearethore complex than for standard actions,
in that they specify more than the conditions that must holti@ point of execution. They also specify the
conditions that must hold throughout the duration of theatiue action and also at its termination. To
distinguish these components we introduce a simple terhpgaedifier for the preconditions. The use of
the name “precondition” would be somewhat misleading gitreat the conditions described can include
constraints on what must hold after the action has begurs fds motivated the adoption ofondi ti on
to describe the collection of constraints that must holdraleoto successfully apply a durative action. The
logical form of conditions for durative actions has beertrieted to conjunctions of temporally annotated
expressions, but there is clearly scope for future extartsi@llow more complex formulae.

<da- GD> =()

<da- GD> = <tined- G>>

<da- G>> = (and <tined-G>>"1)

<ti med- GD> = (at <tinme-specifier> <GD>>)
<ti med- GD> = (over <interval> <GD>)

<ti me-specifier> = start

<ti me-specifier> = end

<interval > al
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The durationdur at i on) of a durative action can be specified to be equal to a giveresgpn (which
can be a function of numeric expressions), or else it can hstmined with inequalities. This latter allows
for actions where the conclusion of the action can be freetgrmnined by the executive without necessarily
having further side-effects. For example, a walk betweam ltveations could be made to take as long as
the executive considered convenient, provided it was at leslong as the time taken to walk between the
locations at the fastest walking speed possible. Conssriiat do not specify the exact duration of a durative
action might prove harder to handle, so we have introducatie  dur at i on-i nequal i ti es) to signal
that a domain makes use of them. A duration constraint islggo dictate or limit the temporal extent of the
durative action. The duration is an implicit parameter efdiurative action and must be supplied in a plan that
uses durative actions. To denote this, a durative actioansigd in a plan by: (name argl...argn)[d]
whered is the (non-negative, rational valued) duration in floatognt format @.n). Duration constraints
can be explicitly temporally annotated to indicate thaytbleould be evaluated in the context of the start or
end point of the action, or else they can be left unannotatedhich case the default is that they are evaluated
in the context at the start of the action (as indicated in Dt&fim16).

<dur ati on- constrai nt > ;1 = iduration—inequalities
(and <si npl e-dur ati on- const rai nt >t)
0
<si npl e-dur ati on-constraint>
(<d-op> ?duration <d-val ue>)
(at <tine-specifier>

<si npl e- dur ati on-constraint>)

<dur ati on-constrai nt >
<dur ati on-constrai nt >
<si npl e-dur ati on-constraint>
<si npl e- dur ati on-constraint>

<d-op> —:duration—inequalities —
<d—0p> —:duration—inequalities >=
<d- op> = =

<d-val ue> = <nunber >

<d-val ue> =ifluents <f - exp>

In addition to logical effects, which can occur at the starend of a durative action, durative actions
can have numeric effects that refer to the literalir at i on. More sophisticated durative actions can also
make use of functional expressions describing effectsabatr over the duration of the action. This allows
functional expressions to be updated by a continuous fomcti time, rather than only step functions.

()
(and <da- ef f ect >*)
<ti med-effect>
iconditional—effects (foral| (<variable>*) <da-effect>)
:conditional —effects (V\hen <da_ GD> <t | n«ed_ ef f ect >)
#luents (<assign- op> <f - head> <f - exp-da>)
(at <tinme-specifier> <a-effect>)
(at <time-specifier> <f-assign-da>)
:continuous —effects ( <assi gn_ Op-t > <f-head> <f- exp—t >)
(<assi gn-op> <f-head> <f-exp-da>)
(<bi nary-op> <f-exp-da> <f-exp-da>)
(- <f-exp-da>)
:duration—inequalities ?2dur ati on

<da-effect>
<da-effect>
<da- ef fect >
<da-effect>
<da- ef fect >
<da-effect>

<ti med- ef fect >
<ti med- ef fect >
<ti nmed- ef fect >
<f - assi gn-da>
<f - exp- da>

<f - exp- da>

<f - exp- da>

<f - exp- da>

<f - exp>

Note that the?dur at i on term can only be used to define functional expression upglafiiects if the
duration constraints requirement is set. This is becaust¢hier cases the duration value is available as an
expression in any case, where as in the case where duratigtraints are offered the duration can, in some
cases, be freely selected within constrained boundaries.

<assign-op-t> = increase
<assign-op-t> = decrease
<f-exp-t> = (* <f-exp> #t)
<f-exp-t> = (* #t <f-exp>)
<f-exp-t> = #t

The symbol#t is used to represent the period of time that a given duratitierahas been active. It
is therefore docal clock value for each duration, independent of similar ckoélr each other duration.
There has been discussion with members of the committea #imuse of the expression usigg: it was
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proposed that an expression declaring the rate of change etwuld be used. This was decided against on the
grounds that the assertion of a rate of change suggesththedte of change is determined by one process
effect alone. In fact, it is intended that if multiple actipeocesses affect the same fluent then these effects
are accumulated. Using the expression that directly defireamount by which each process contributes to
the change in a fluent value over time we do not appear to ggseonsistently) that a fluent has multiple
simultaneous rates of change.

A.4 Problems

Planning problems specifications have been modified to deddeveral generally unused constructs (named
initial situations and expansion information). We haveréepted the length specification because it is at odds
with the intention to supply physics, not advice. Furtherethe advice this field offers over-emphasises a
very coarse plan metric. Instead, we have introduced aomgtimetric field, which can be used to supply
an expression that should be optimized in the construcfiamptan. The field states whether the metric is to
be minimized or maximized. Of course, a planner is free twmigrhis field and make the assumption that
plans with fewest steps will be considered a good plan. Heweve consider that this extension is a crucial
one in the development of a more widely applicable plannangguage. We have provided the variable
tot al - ti ne that takes the value of the total execution time for the pl&his allows us to conveniently
express the intention to minimize total execution time.

We anticipate that extensions of the plan metric syntaxprvidlve necessary in the longer term, but believe
that this version already provides a significant new chgketo the community. Problem specifications are
still somewhat impoverished in terms of the ability to easjpecify temporal constraints on goals and other
non-standard features of initial and goal states. Againamieipate the need for extension, but have chosen
to leave a clean sheet for future developments.

<probl em> ::= (define (problem <nane>)
(: domai n <nane>)
[ <requi re-def >]
[ <obj ect declaration> ]
<init>
<goal >
[<metric-spec>]
[ <l engt h-spec> ])
<obj ect declaration> ::= (:objects <typed list (nane)>)

<init> (:init <init-el>*)

<init-el> <literal (name)>

<init-el> #luents (= <f - head> <nunber >)

<goal > (:goal <GD>)

<metric-spec> (:metric <optim zation> <ground-f-exp>)
<optim zation> mnimze

<optim zation> maxi mze

<ground-f - exp>
<ground- f - exp>
<ground-f - exp>
<ground- f - exp>
<ground-f - exp>
<ground- f - exp>
<l engt h- spec>

(<bi nary-op> <ground-f-exp> <ground-f-exp>)
(- <ground-f-exp>)

<nunber >

(<function-synbol > <nane>*)

total-time

<functi on-synbol >

(:length [(:serial <integer>)]

[(:parallel <integer>)])

The | engt h-spec is deprecated

A.5 Requirements

Here is a table of all requirementsmmDL2.1. Some requirements imply others; some are abbrevétion
common sets of requirements. If a domain stipulates no reogints, it is assumed to declare a requirement
for:strips.
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Requirement

istrips

:typing
:negative-preconditions

:di sjunctive-preconditions
requality

;existential -preconditions
;uni versal - precondi tions
:quantified-preconditions

:conditional -effects
:fluents

s adl

:durative-actions
sduration-inequalities

:continuous-effects

Description
Basic STRIPS-style adds and deletes
Allow type names in declarations of variables
Allow not in goal descriptions
Allow or in goal descriptions
Support= as built-in predicate
Allow exi st s in goal descriptions
Allow f or al | in goal descriptions
=:existential-preconditions
+:uni versal - precondi ti ons
Allow when in action effects

Allow function definitions and use of effects using
assignment operators and arithmetic preconditions.

istrips+:typing
:negative-preconditions

:di sjunctive-preconditions
cequality
:quantified-preconditions
:conditional -effects

Allows durative actions.

Note that this does not implyf | uent s.
Allows duration constraints in durative
actions using inequalities.

Allows durative actions to affect fluents
continuously over the duration of the actions.

+ 4+ +
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