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Chapter 1

Introduction

1.1 Background

Planning, as one of the main branches in artificial intelligence, involves finding
a sequence of actions that achieves a specific goal from an initial state [RNO3].
Ever since the introduction of the STRIPS planning system [ENT7I], there has
been a great improvement in the efficiency and powerfulness of planners. With
the right heuristics, modern planners are able to generate a plan of thousands
of actions within one second. In order to compare the behavior of different
planners and to share plan resources among them, it is essential to have a
uniform language for describing planning problems.

Based on the STRrIpPs and the ADL [Ped89] formalisms, McDermott et
al. defined the Planning Domain Definition Language (PpDL) [GHKT98|,
which served as the standard language for the first international planning
competition (IPC’98). This language has roughly equivalent expressiveness as
the ADL, and is capable of concisely modeling the classical planning problems.

With the recent fast development in the planning community, the research
interest goes far beyond finding a sequence of actions, but focus on modeling
the reality that a planning domain resides in. This includes the temporal prop-
erties of actions and the resource constraints in solving the problem. With this
trend, Fox and Long extended the PDDL with durative actions [EL.03], which
is further improved by Edelkamp and Hoffmann to integrate derived predi-
cates and timed initial literals [EEH04]. Instead of considering the actions as
immediate and duration-free changing operators of states, the new language,
PDDL 2!, is able to model durative actions and the continuous change of the

'In this paper, we use PDDL 2 to stand for PDDL 2.1 by Fox and Long and PpDL 2.2 by
Edelkamp and Hoffmann as a whole. Similarly, we use PDDL 1 to stand for McDermott’s
PopL 1.2.



states. Meanwhile, parallel execution of actions is also allowed in it. As a
result, it is a language for realistically describing planning problems, and has
become a standard language in the planning community.

Since the introduction of STRIPS, the semantics of planning languages
has been a problem. Lifschitz proposed a definition with the state transition
model [Lif86]. Fox and Long extended his idea to define the semantics for their
language PDDL 2.1. Both of the two works rely on meta-theoretic operations
on logical theories, and it is interesting to define the semantics declaratively.

For this purpose, a language capable of representing and reasoning about
dynamic worlds is needed. A popular candidate is the situation calculus. Orig-
inally proposed by McCarthy [McC63], it is an expressive dialect of first-order
logic, especially suitable for modeling the dynamics of the changing world. Its
second-order extension, formalized by Reiter [Rei(1], serves as the theoreti-
cal foundation of the powerful action language GoroG [LRLT97]. However,
since the essential properties of situations are asserted by axioms, the proofs
are usually complicated and lengthy in the language. Recently, Lakemeyer
and Levesque proposed a new logic £S, which reasons about situations with-
out situation terms in the language [LL04]. Unlike the situation calculus,
situational properties are embedded in the semantics of the language, so it
is shown that £S simplifies semantic definitions and proofs while preserving
similar expressiveness to the situation calculus [LLOS].

As a result, both the situation calculus and the logic £S5 can serve as the
logic foundation for defining the declarative semantics of planning languages.
As an early attempt, Lin and Reiter formalized progression in the situation
calculus, and showed that state updates in STRIPS can be modeled by first
order progression. Recently, Claflen et al. extended this result to the ADL
subset of PDDL with the logic £S, and illustrated how the semantic mapping
helps embed external planners to GOLOG programs [CELNO7]. These are
exciting results, since they bring together the research on planning and action
formalisms, such that the two may benefit from each other.

1.2 Project Goals

With the existing work at hand, it is interesting to extend their results along
the development of PDDL. In particular, defining a declarative semantics of
the temporal extensions to PDDL is so far an open problem, although there
have been quite a few literature on extending the classical situation calculus
with concurrency and durative actions [Pin94), [Rei96, DGLLO0L IGLOOL [GL.OT].

In this thesis, we shall study the temporal extensions to the situation
calculus, and investigate the possibility to define a declarative semantics for
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the subset of PDDL with time and concurrency. When building the mapping,
instead of using the classical situation calculus, we rely on the new logic £S.
There are at least two reasons for this decision. For one, the formulation in £S
is more succinct, especially in our case where progression is intensively used
in the proofs; for the other, the existing version of £S does not support time
or concurrency, and it is interesting to see how the results in the situation
calculus can be reproduced in £S in a similar manner.

At the end of this thesis, we shall obtain a semantic mapping between a
subset of PDDL and and the basic action theories in the logic £S. This subset
is roughly the one defined by Fox and Long in the version 2.1, along with the
timed initial literals defined by Edelkamp and Hoffmann in the version 2.2.
Moreover, the correctness of our semantics will be proved.

1.3 Outline

The rest of this thesis is organized as follows: Chapter B briefly introduces
the PDDL language, including an informal account of its syntax and its state-
transitional semantics. Then we have an overview of the situation calculus
in Chapter Bl and the logic £S in Chapter @l In Chapter B, we discuss some
extensions to £S, which will enable us to reason about, among other things,
numerical and temporal properties in the logic. The main focus of this thesis
is Chapter Bl where we actually define the semantic mapping. This is accom-
panied with a formal proof of correctness in Chapter [l Finally, we conclude
and suggest some directions for future research in Chapter B






Chapter 2

The Planning Domain
Definition Language

This chapter offers a brief introduction to the Planning Domain Definition
Language (PDDL), a standard language in the planning community for repre-
senting planning problems. We start with an overview of the developmental
history of PDDL in Section L1l This is followed by the elaboration of the its
syntax and semantics in Section Finally, Section defines a structure
for concisely representing PDDL problem descriptions, for the benefit of later

discussion.

2.1 The Development of PDDL

2.1.1 STRIPS

Planning had been an active area in artificial intelligence for almost 30 years
before the introduction of PDDL. An early influential work owes to Fikes and
Nilsson, who invented STRIPS, a mechanism for describing planning problems,
and developed a problem solver with the same name built upon this mecha-
nism [ENTI].

A STRIPS problem definition consists of an initial state description, a set of
operators and a goal description. A state is represented by a set of formulas
in first-order logic; an operator corresponds to an action that changes the
states. Each action operator consists of, besides its name and parameter list,
a precondition, an add list and a delete list. It is possible to execute an
action in a state, only if its precondition is satisfied in that state. The actual
execution of the action changes the state to a new one by deleting the formulas
in the operator’s delete list and adding the ones in its add list. The task of
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a STRIPS planner is then to find an executable sequence of operators that
transforms the initial state to a state that satisfies the goal formula.

This definition of STRIPS is a general one, in a sense that arbitrary first-
order formulas are allowed in the language. In practice, however, only a
restricted form is used, since many versions of STRIPS that go beyond a certain
restriction get semantical problems, and thus lead to “unreasonable” behavior,
as pointed out by Lifschitz [[Lif86].

One of the typical restricted forms of STRIPS requires that state descrip-
tions, condition formulas (e.g. action preconditions, goal description, premises
for conditional effects), the add lists and the delete lists are all represented
with conjunctions of grounded positive literals. The closed-world assumption
is used in this case, indicating that all the conditions that cannot be derived
from a state description is assumed to be false. For example, Figure 211 il-
lustrates a problem definition in STRIPS in the blocks world. As we shall
later see, this highly restricted form of STRIPS is called relational STRIPS, and
defines the most basic subset, namely, the STRIPS subset, of the PDDL.

2.1.2 ADL

In order to extend the expressiveness of STRIPS with well-defined semantics,
Pednault developed the Action Description Language (ADL) [Ped89l [Ped94],
which explores the middle ground between the highly expressive situation
calculus and the computationally more beneficial STRIPS.

The syntax of ADL resembles that of STRIPS, augmented with conditional
add and delete lists, which make it possible to describe situation-dependent
effects. However, the semantics of ADL is quite different from that of STRIPS.
While STRIPS operators define transformations on formulas, ADL schema de-
fine transformations on the algebraic structures representing the states.

The details of the syntax and semantics of the original ADL are out of
the scope of this thesis. Here, we are interested in the ADL subset of PDDL,
which, compared with the STRIPS subset, has the following new features:

e Objects are typed.
For example, one may assert that obj; is a Block, and the single param-
eter to the action movel oT able must be of type Block.

e Negation, disjunction and quantification are allowed in conditions.
For example, one may express

—3y.0n(y, z)
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Init (
On(A,Table) N On(B,Table) A On(C,Table)\
Clear(A) A Clear(B) A Clear(C)
)
Goal  (
On(A,B) A On(B,C)
)
Action ( Move(b, x,y)
PRE: On(b,z) A Clear(b) A Clear(y)
ADD: On(b,y) A Clear(x)
DEL: On(b,x) A Clear(y)
)
Action ( MoveFromTable(b, x)
PRE: On(b, Table) A\ Clear(b) A Clear(zx)
ADD: On(b, x)
DEL: On(b, T'able) A Clear(x)
)
Action ( MoveToTable(b, x)
PRE: On(b,x) A Clear(b)
ADD: On(b, Table) A Clear(x)
DEL: On(b, )

Figure 2.1: The blocks world defined using STRIPS.

as a precondition of moveT oTable(z) (which has the same meaning as
Clear(x)), and

V(x : Block).—~Fragile(x) V =(Jy : Block).On(y, x)
as a goal condition.
e Fquality is a built-in predicate.

For example, for the precondition of move(z,y), one may explicitly re-
quire that =(z = y).
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e Conditional effects are allowed.
For example,
Vz.Above(y, z) = Above(z, 2)

says that the effect Above(z, z) takes place only if Above(y, z) is true in
the current state.

2.1.3 PDDL

The first version of the Planning Domain Definition Language, PDDL 1.2,
was defined by McDermott et al. in 1998 for the AIPS’98 planning competi-
tion |[GHK™9§]. It supports the following features:

e Basic STRIPS-style actions

e Conditional effects

e Universal quantification over dynamic universes
e Domain axioms over stratified theories

e Specification of safety constraints

e Specification of hierarchical actions composed of sub-actions and sub-
goals

e Management of multiple problems in multiple domains using different
subsets of language features

The language is intended to express the physics of planning domains with-
out specific advice for planners. As a unification of different existing for-
malisms at that time, the language brought a boom in the availability of
shared planning resource, and soon became a standard language in the plan-
ning community to represent and exchange planning domains and problems.

With the rapid progress in the area of planning, researchers soon found
the toy domains of propositional puzzles inadequate, and start to move their
focus towards solving more realistic problems. This includes reasoning about
numerical properties, resource constraints, time and concurrency, among other
things. This trend led to the revisions and extensions of PDDL in the following
years. Specifically, Fox and Long introduced numerical expressions, metrics
and durative actions in the version 2.1, and defined a formal transitional
semantics for the language [FL0O3]; Edelkamp and Hoffmann later extended
the language again to formalize (reintroduce) the derived predicates (originally
called domain axioms in PDDL 1.2), and introduced timed initial literals in the
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version 2.2 [EHO4]; finally in 2005, Gerevini and Long proposed the version
3.0, where constraints and preferences on plans are incorporated [GLOS).

In the following section of this chapter, we shall present a more detailed
introduction to the syntax and semantics of a subset of the PDDL language
that is interesting to the topic of this thesis. This is roughly the subset of
PpDL 2.1 along with the timed initial literals in PDDL 2.2. Instead of giving
all the formal definitions, we only do it in an intuitive way for space and scope
reasons. We advise the readers to refer to the literatures for the formal details
in the original definitions.

2.2 The Language

According to the definition by Fox and Long, the features in the PDDL are
grouped into five levels with increasing expressiveness power. Level 1 is the
STRIPS and ADL fragment of the language, where all properties are relational
and all actions are non-durative; Level 2 extends Level 1 with numerical ex-
pressions; Level 3 enables the use of discretized durative actions; Level 4 fur-
ther enables continuous durative actions; and Level 5 supports spontaneous
events and physical processes. In the following subsections, our discussion will
mainly follow this level definition.

2.2.1 The Basics

This subsection concerns with the basic structure of PDDL definitions and the
features in the first level of the language.

A planning problem is described in two parts: the domain description and
the problem description. The former defines how the framework of the world
is like, e.g. what types of objects are there, what actions are available, what
are their preconditions and effects, and so on. The latter defines the specific
task in this framework, e.g. what are the objects concerned in the problem,
what is the initial and goal state, and so on. The separation of the general
domain description and the specific problem description simplifies the reuse
of defined domains for several problems.

Let us illustrate the syntax of PDDL with an example in [GHKTI8|. Fig-
ure defines the domain of a briefcase world. Words starting with a colon
(:) are key words, and those starting with a question mark (?7) are variables.
Notice that all the logical sentences are written in prefix format for simplicity
in the parsing phase.

Each domain begins with a :requirements field, which contains all the
required features for solving problems in this domain. A planner that does
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( define ( domain briefcase-world )
( :requirements :strips :equality :typing :conditional-effects )
( :types location physob )
( :constants ( B - physob ) )
( :predicates ( at 7x - physob 71 - location )
(in ?x - physob ) )

( :action mov-b

:parameters ( 7m 71 - location )

:precondition (and (at B?m ) (not (=7m?)))

ceffect (and (at b ?1) (not (at B 7m ) )

( forall ( 7z )
(when (and (in?z ) (not (=72B)))
(and (at 7z 7l ) (not (at?7z7m)))))))

( :action put-in

:parameters ( ?x - physob 71 - location )

:precondition (not (=7xB))

seffect ( when (and (at 7x?1) (at B 7))

(in7x)))

( :action take-out

:parameters ( 7x -physob )

:precondition (not (=7xB) )

seffect (not (in 7x) ) )

Figure 2.2: The domain description of the briefcase world with PDDL

( define ( problem get-paid )
( :domain briefcase-world )
( :objects home office - location P D B - physob )
(:init ( at B home ) (at P home ) (at D home ) (in P ) )
(:goal (and ( at B office ) ( at D office ) (at P home ) ) ) )

Figure 2.3: A problem description in the briefcase world domain with PDDL
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Requirement Description
:strips Basic STRIPS-style adds and deletes
:typing Allow type names in declarations

:negative-preconditions
:disjunctive-preconditions
:equality
:existential-preconditions
:universal-preconditions
:quantified-preconditions

:conditional-effects
radl

:durative-actions

:duration-inequalities

:continuous-effects

:timed-initial-literals

of variables

Allow not in goal descriptions
Allow or in goal descriptions
Support = as built-in predicate
Allow exists in goal descriptions
Allow forall in goal descriptions
=:existential-preconditions
+:universal-preconditions
Allow when in action effects
:strips + :typing
:negative-preconditions

:disjunctive-preconditions
requality
:quantified-preconditions

+ 4+ + +

:conditional-effects

Allow durative actions

Note that this does not imply :fluents.
Allow duration constraints in durative
actions using inequalities.

Allow durative actions to affect fluents
continuously over the duration of action.
Allow timed initial literals

Table 2.1: Requirements in PDDL

not satisfy all of the requirements in the list can simply stop without trying to

solve the problem. Table Bl lists the frequently-used requirements and their

meanings in the language.

There are two built-in types in the language, namely, object (the default

and super type of all objects) and number. In the example of Figure [Z2]

however, due to the presence of the :typing requirement, objects in the do-

main may be typed with user-defined types. This example involves two such

types: location for locations and physob for physical objects. An object in

a domain that is invariant in all its problem instances is a constant. In the

example, B is a constant denoting the (unique) briefcase.

Finally in a domain description, all the predicate, function and action
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symbols that may be used in the domain are declared. As shown in Fig-
ure 22 there are two predicate symbols, At(x,l) (whether physical object z
is at location y) and In(z) (whether z is in the briefcase), and three actions
symbols, mov_b(m, 1) (which moves the briefcase from location m to location
1), put_iin(x,l) (which puts physical object z into the briefcase if both are
at location [) and take_out(x) (which takes the physical object x out of the
briefcase).

The way in which action operators are defined in PDDL is similar to STRIPS.
Fach definition has three sections. The first is a list of parameters and their
corresponding types. When executing an action, these parameters are instan-
tiated with ground terms of the correct types. The second is the precondition.
For an action to execute in a state, its precondition must be satisfied in the
state. The third section is the effect formula. It is a combination of the add
and delete lists in STRIPS, and defines how the state should be modified after
the execution of the action.

Figure shows an example of a problem instance in the briefcase-world
defined in Figure It specifies which domain the problem belongs to, what
objects there are, what the initial state is, and which goal is to be achieved.

With the definition of the problem and its corresponding domain, a planner
has full information about the planning problem, and can therefore proceed
to generate a plan as solution.

2.2.2 Numerics and Metrics

The use of numerics and plan metrics comprises the second level of the PDDL.

Numerical expressions are formally integrated to PDDL in the version
2.1, although number is already a built-in type since PDDL 1.2. According
to [ELO3], numbers always have real values, and their possible roles are not
distinguished. Following the old convention, all numerical expressions, includ-
ing comparison predicates, are written in prefix format. Three operations can
be used to update a numerical variable: assign, increase and decrease,
with their obvious functionalities.

There are two important restrictions to the use of numerical expressions.
First, they are not terms in the language. In particular, numerical expressions
cannot appear as arguments to predicate, function or action parameters. This
restriction helps keep the instantiation of predicates and actions finite. Second,
all function values in the language are numbers, rather than objects, i.e. all
functions are of the form Object™ — R. This eliminates the identity problem
that would raise if functions of the form Object™ — Object were allowed.
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( define (domain jug-pouring )
( :requirement :typing :fluents )
(:types jug )
( :functions
( amount ?j - jug )
( capacity ?j -jug )

( :action pour
:parameters (7jugl ?jug?2 - jug )
:precondition ( >= ( - ( capacity ?jug2 ) ( amount ?jug2 ) )
( amount ?jugl ) )
seffect ((and ( increase ( amount ?jug2 ) (‘amount 7jugl ) )
(assign ( amount 7jugl ) 0) )

Figure 2.4: Jug-pouring problem with numerical expressions

Figure 241 is an example in [EL0O3] to illustrate the use of numerical ex-
pressions in PDDL 2.1.

With a stable extension of numerics to the PDDL core, Fox and Long
further introduced the plan metric to the language. It is a field in the problem
definition, indicating on which basis the quality of the plan is evaluated.

For example, the sentence

(:metric minimize (+ (*x 2 (fuel-used car)) (fuel-used truck)))

says that a good plan has a smaller weighted sum of the fuel used by the car
and the truck. As we can see, the metric is simply a numerical expression,
under the condition that all the numerical functions in the expression is in-
strumented in the domain, i.e. they must be initialized and each action must
specify how it may change the their values.

The way a planner deals with metrics is not specified in the standard.
The planner has the freedom to either use the metrics as a guideline when
producing a plan, or simply ignore them during plan generation, and only
evaluate the plan with them post hoc.

2.2.3 Durative Actions

One of the most important contributions of [EL03| is the definition of durative
actions in the PDDL language. Domains with durative actions that allow for
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( :durative-action produce

:parameters( 7p - product )

:duration( = ?duration 5 )

:condition( )

:effect( at end ( increase ( quantity 7p )

( * ?duration ?produce-rate ) ) )

)
( :durative-action consume

:parameters( 7p - product )

:duration( = ?duration 7 )

:condition( >= ( quantity ?p )

( * ?duration ?consume-rate ) )
:effect( at start ( decrease ( quantity 7p )
( * ?duration ?consume-rate ) ) )

Figure 2.5: Producer-consumer example with discrete durative actions

at most discretized effects reside in Level 3 of the PDDL, whereas the ones
with continuous durative actions reach Level 4.

To describe a durative action, two time points and an interval have to be
taken into account, namely, at the start, at the end and during the happen-
ing of the action. As a result, temporally annotated conditions and effects
are used in the representation of a durative action schema. Syntactically,
(at start p ), ( at end p ) and ( over all p ) are used to assert that
p holds at the three time points, respectively. Note that (over all p) as-
serts that p holds in the open interval between the start and end time points,
which makes it possible to accommodate different conditions within the inter-
val and at the end points of an action, and thus allows for a higher degree of
expressiveness.

From the perspective of PDDL 2.1, time is point-based rather than interval-
based. Action end points are the only places where the world state is changed.
Propositions hold their values over the half-open interval that is closed on the
left (when the event asserting it occurs) and open on the right (when an event
negates it).

As already mentioned, there are two kinds of durative actions: discretized
durative actions and continuous durative actions.

Discretized durative actions provide a simplified view of numerical changes,
in that all the numerical updates are modeled with step functions, as if the
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change happens only at the end points of the action. Figure shows how
discrete durative action can be used to model the producer-consumer problem.
While the quantity of a resource increases and decreases gradually in the
producing and consuming process, it is modeled as an instant increase at the
end and an instant decrease at the beginning, respectively, with the discretized
durative actions. Note that a conservative resource consumption model is used
here, since the total amount of consumption is subtracted at the beginning
and the total amount of production is added only in the end. This ensures
the validity of a plan, but also eliminates the case where the resource is not
enough at the beginning but is soon supplied sufficiently with a production
action.

In order to model a continuous change, continuous durative actions can
be used. A continuous durative action has an internal variable #t referring
to the current time after the start of an action. As a result, it is possible to
calculate the value of any variable that has a fixed changing rate with a linear
function. In the producer-consumer example, for instance, we can assert in
the effect section of the producer

mcrease ( quantity ‘p t produce-rate
. Lo * 4t d

and in that of the consumer

ecrease quantity p consume-rate
d tity ? * it t

Unlike the discrete case, we have the correct value for the quantity of the
product at any time point during the interval of the producing and/or the
consuming actions.

2.2.4 Timed Initial Literals

Timed initial literals are integrated to PDDL in the version 2.2 by Edelkamp
and Hoffmann [EH04], as a means to represent simple predetermined exoge-
nous events.

Like the initial state description, timed initial literals also specify how the
world is like, not initially, but at a certain time point in the future. Figure
shows an example problem definition with timed initial literals, saying that
the shop opens at 9 and closes at 20.

According to their definition, timed initial literals is only used in Level 3
in combination with discretized durative actions.
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( :init
(‘at 9 ( shop-open ) )
(‘at 20 ( not ( shop-open ) ) )

)

Figure 2.6: Shop opening hours expressed with timed initial literals

2.3 A Structural Representation

As a mentioned in Section 22 PDDL has a strict and well-defined syntax.
However, when we later discuss the semantic mapping in this thesis, it is not
so convenient to always use the original syntax. For notational benefits, we
extract the essential information from the problem specification, and define a
structure to express it in a succinct way.

In building this structure, we only concentrate on the semantic aspect, i.e.
how to shuffle the formulas in a way that can be easily addressed to, when
we later talk about the semantical mappings. We simply omit the syntactical
details in the translation from the PDDL style to the abstract representation.

For instance, a precondition formula for an action

(>= (- (capacity ?7jug2) (amount ?jug2)) (amount ?7jugl))
may be simply translated to
capacity(jugs) — amount(jugs) > amount(jug )
and an effect formula
increase (energy 7robot) (* (recharge-rate ?robot) ?duration)

may be rewritten as
energy' (robot) = energy(robot) + recharge_rate(robot) x duration

where energy(robot) is the energy level before the action, and energy’(robot)
is the one after.

Definition 2.1 (The planning problem). A planning problem D in PDDL is
a tuple (T, F,f, O, A, I,TI,G), where

- T is a finite list of 71,--- ,7;. If the domain does not have the :typing
requirement, then T only contains one single type Object.

- F is a finite list of fluent predicates Fi,--- , F},.
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f is a finite list of fluent functions f1,--- , f;,. This field is non-empty

only if the domain has the :fluents requirement.

- O is a finite list of objects, possibly with associated primitive types o7 :
Tory* " Ok : To,- 1f the domain does not have the :typing requirement,
then each 7,, is either empty or the type object.

- Aisatuple (2, §l> of PDDL operators, where 2 is a finite list of simple ac-
tions Aq,--- , Ay, and 2 is a finite list of durative actions ;117 s /Tq (see
below). A is non-empty only if the domain has the :durative-actions
requirement.

- I is the initial state description.

- T1T is a finite list of timed initial literals (t1, 1), -+, (t;, @r). This field
is non-empty only if the domain has the :timed-initial-literals

requirement.

G is the goal description

With the above definition, the ADL subset of PDDL, for example, can be

represented by
<T7 Fa ®7 07 <9’[> ®>7 Ia ®a G>

Indeed, Clalen et al. defined such a structure for representing problems
defined with the ADL subset of PpDL [CELNQOT|. Our definition here is simply
an extension to their work. So, exception for the new items f, T'I and A, all
the elements have the old meanings.

For the new items, it is not difficult to understand the elements f and T'1:
the set f is similar to F except that it defines the fluent functions instead of
predicates; the timed initial literals (¢;, ;) asserts that ¢; starts to hold at
time t;.

Now, we shall elaborate the normal forms of the action operators in A.
Compared with the ADL subset, the action operators are extended in two
important ways. First, with the introduction of numerical expressions, both
the precondition and the effects may involve functional fluents. Second, ac-
tions may be durative. So in the following, Section EZ31]is devoted to adding
functional fluents to the representation of simple actions, followed by the spec-
ification of the normal form of durative actions in Section

2.3.1 Functional updates

In [CELNO7], each action is defined by a triple (Z : 7,74, €4), where Z and
T are the arguments and their corresponding types, w4 is the precondition
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formula specifying what conditions must hold before A may be activated, and
€4 is the effect formula specifying what facts are to be added or deleted in the
state description after the execution of A.

Here, Z: 7 is to be understood as a list of pairs z; : 7;,. Both m4 and €y
have all their free variables among 7, and are constructed with only the Zz and
symbols in T, F, f and O. Precondition formulas are defined like follows:
every atomic formula and every equality atom (t1 = t3), where ¢; is either a
variable, a constant or an instance from f, is a precondition formula; if ¢; and
¢2 are precondition formulas, then so are ¢1 A ¢2, ¢ and Vz : 7.¢1.

The normal form of €4 is a conjunction of effects of the following forms,
at most one of each kind for each fluent F}:

A, 5 < i, (1, a (55, 2) = F3 ()

i Fya (5 %) ) (2.1)
/\F]- v : TFj'('YFj,A(*'Ej’Z) = ~Fj(7))

Here, fy;Cj’ (@}, 2) is the add condition, which makes F;(z}) true; and
'y}j’A(:E}, Z) is the delete condition, which makes Fj(2}) false.

Compared with the original work of Pednault, it does not contain the
update conditions for function symbols, because no fluent functions exist in
their subset of the language. However, our target language, PDDL 2, allows
for (numerical) fluent functions in the domain, so we have to return to the
more general definition of the normal form of actions.

Formally, a simple action A is defined by a triple (Z': 7,74, €4) where 2
and 7 are the arguments and their typing constraints, respectively, as usual,
w4 is the precondition that may involve numerical formulas; and €4 is the
effect formula with the form

/\Fj Vi TFj.(7}€7A($?,5) = Fj(z5))A
/\Fj v TF]--(’Y};J.7A(IE_;‘, 7) = _‘Fj(*@'))/\ (2:2)
/\f]- VLT Y R‘(ﬁj,A(fj??LE) = fi(75) = y)
Compared with Equation (1), we add a new condition ’y}ij’ (5, y) here
to denote the necessary and sufficient condition to change the value of f;(})

to y. We sometimes need a weaker condition that the value of f;(2}) changes
at all. We denote this condition as

V1;,A(T5: Z) = Fyag, a(@5,y, Z)
In many cases, this is equivalent to removing all sub-formulas mentioning y
from fy}j’A(:f}, Y, 2).
For example, if for some action Heat, vfempemtureﬂeat(ml,azg,y) is the

formula
Heater(xz) A On(z1,22) Ay = 100
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then Yiemperature, Heat (1, 22) is simply the formula

Heater(xa) A On(z1,x2)

2.3.2 Duration and temporal annotation

Apart from the numerics, an important extension in PDDL 2.1 is the intro-
duction of durative actions. The set of durative actions is denoted with 5(7
the second component of A. Compared with simple actions, the normal form
of durative actions looks more complicated, since it has the extra duration
constraints, and the preconditions and effects are temporally annotated.

To take these changes into consideration, our proposal is to represent a
durative action A € A with a four-element tuple (7 : 7,05, m7,€5), where
d 7 is the duration constraint, and 73 and €7 are the precondition and effect
formulas respectively.

Here, 07 is a tuple (5%, 5%}, where 5;} is the duration constraint with
temporal annotation at start and 5% is the one with annotation at end. For
a condition without temporal annotation, we assume that all the functional
values in the formula are constants, so it is not important whether we place it
in 6} or 5}. However, for simplicity that will soon become obvious, we choose
to put it in (5%.

Both 5% and 51% are a direct rewriting of the corresponding sub-formula in

the :duration section. For example, if the duration constraint of action A is
(:duration (and (> ?duration 5) (< ?duration 10)))

then 6% is simply the formula TRUE and 5% is
5 < duration N duration < 10

As a more complex case, for the the duration constraint

(:duration (and (at start (>= 7fuel-left (* ?duration “consume-rate)))
(at end (= 7distance (x ?velocity ?duration)))))

we have
{ 5% = (fuelleft > duration x consume_rate)

5% = (distance = velocity X duration)

Due to the temporal annotations, the form of 7 7 and € ; have also changed
a lot, compared with m4 and €4 for a simple action A. 77 is now a triple of
<7T%, 71%, 77%>, where 71'%, 77% and ’/T% are the conditions that must hold at the
start, within the interval and at the end of the durative action, respectively.
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All the conditions at the same temporal point are combined to form one single
condition.! For example, if the precondition for a durative action A is

and (at start ¢)
(at start ¢9)
(over all ¢3)

then we have

S ey

™ = o1 N\ 2
o =

o= s

€ =

m¢ = TRUE

The effect formula € ; consists of a triple <6%, e%, e%).

Here, 6% is the start effect, consisting of all the effect formulas in the
PDDL description with the temporal annotation at start. Each single effect
formula has the form

vi = Vi

where ¢; is the premise of the conditional effect ;. When 1; is an absolute
(non-conditional) effect, ¢; is simply the formula TRUE.

The end effect, e%, is more subtle to define. Unlike the start effect, where
all the conditional effects, if any, always have the premise annotated with at
start, the end effect may have conditional effects with premise annotated
with at start, over all, at end or any combination of the three.

As a result, we define the normal form of an end-effect formula as

<90;?7 90;,‘)’ 9016> = %

where @7, ¢ and ¢f are the conjunction of all premise of 1); annotated with
at start, over all and at end, respectively.

In the following, we call a conditional effect whose premise and effect have
the same temporal annotation an intra-temporal conditional effect, and one
whose premise and effect have different temporal annotation an inter-temporal
conditional effect. Later, we shall see that for intra-temporal conditional ef-
fects, the approach given by Claflen and Lakemeyer is sufficient, whereas we
have to resort to auxiliary properties to handle inter-temporal ones.

The so-called “overall effect”, e%, is used only when defining continuous
effects, which have the form of the PDDL description

<op> P (x #t Q)

'Remember that conditions for durative actions have been restricted to conjunctions of
temporally annotated expressions.
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where <op> is either increase or decrease, P is the continuous fluent to be
updated, and Q is the changing rate. For example, the continuous effect

(increase (temperature ?p) (* #t (heat-rate)))

means that the action will make the temperature of p increase at a rate of
heat_rate, and

(decrease 7fuel-used (* #t (use-rate ?v)))

means that the action will decrease the quantity of fuel_used at a rate of the
use rate of vehicle v.

To denote a continuous effect in our structure, we use a triple (op, P, Q),
where op is either + (for increase) or — (for decrease), and P and () are
simple syntactical transformations from their counterparts in the PDDL sen-
tence.

As an example, suppose that we have the following effects for a durative
action A

:effects (and (at start 1)
(when (at start o9)

(at start 19))
(decrease P (x #t Q))

(at end 1y4)
(when (at start ¢s)

(and (at start 15)

(at end 1)5)))
(when (and (at start ¢g) (at end ¢7))

(at end 7))
(when (at end g)

(at end 13))
(when (over all ¢g)

(at end ty)))

then the normal form of it has the components

(TRUE = 1) A (p2 = 12) A (p5 = 15)
(. P,Q)}

(TRUE, TRUE, TRUE) = 14)A

(¢5, TRUE, TRUE) = 1)6)A

(p6, TRUE, ¢7) = ¥7)A
(
(

a
t
Il

TRUE, TRUE, g) = 9g)A
TRUE, @9, TRUE) = 1)g)

{
(
(
(
(
(






Chapter 3

The Situation Calculus

In this chapter, we present an intuitive introduction to the situation calculus.
First proposed by McCarthy [McC63|] and later refined by Reiter [Rei01], it is
a language for representing and reasoning about dynamically changing worlds
(Sections BIHZA), and serves as the theoretical basis for the action language
GoLOG (Section BH)).

3.1 The Language

The language that we introduce here is based on Reiter’s formalism, which
has the foundational axioms to define the structure of situations and uses
successor state axioms to solve the frame problem.

A domain in the situation calculus has three sorts of elements, namely,
action for actions, situation for situations, and object for everything else. The
world evolves with the execution of an action from one situation to another.
A situation is represented by a sequence of actions, with Sy denoting the ini-
tial situation where no action has occurred yet. The binary function do(a, s)
denotes the situation obtained by executing action a in situation s. For ex-
ample, do (drop(blockl),do (pickup(blockl), So)) is the situation obtained by
first picking up block; and then dropping it in the initial situation. In the
language, the only function symbols of sort situation are Sy and do(a, s).

Properties that may change their value from situation to situation are
called fluents. There are in general two types of fluents. A relational fluent is
a predicate that carries a situation term as its last argument. For example,
On(objs, 0bjs,Sy) means that objs is on top of objs in the initial situation.
Similarly, a functional fluent is a function that carries a situation term as
its last argument. For example, fuel_level <car, do(dm’ve(rome, berlin), SO)>

23
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may stand for the fuel level of the car after driving from Rome to Berlin from
the initial situation.

Apart from the domain specific fluents, there are two special fluent predi-
cates with a fixed meaning in all domains. The fluent Poss(a, s) means that
it is possible to execute action a in situation s, whereas s; C so means that
situation s precedes situation ss, i.e. the sequence of actions characterizing
s1, {@i}i=1,.. n,, is a proper sub-sequence of that of sa, {a;}i=1,... n,, Where
ny < ng.

In contrast to the fluents, rigid predicates and functions are the ones
that have a fixed value in all situations, and thus have no situation term
as their parameters. For example, Fragile(z), x < y are rigid predicates, and
fatherOf(z), z x y are rigid fluents®.

Finally, connectives and other symbols, such as =, =, A and 3, and abbre-
viations, such as V, V, D and = have the same meaning as in the first order
logic.

3.2 The Basic Action Theory

The dynamics of a domain is characterized by a set of axioms called the basic
action theory (BAT). In order to illustrate the form of the BAT, we need the
following definition.

Definition 3.1 (Uniform formulas). A formula is uniform in o if and only if it
does not mention the predicates Poss or [, does not quantify over variables
of sort situation, does not mention equality on situations and whenever it
mentions a term of sort situation, the term is o and appears in the situation
argument position of a fluent.

With the concept of uniform formulas, the basic action theory is defined
in the form

Y =FAUEp0st UZpre UZyna U

where?

! Like in most literatures, we use numbers, their operations and their relations freely
in the language without explicitly axiomatizing them. Instead, the standard interpretation
is used. We shall make a short discussion on how the axiomatization may be done, when
we later extend the logic £S in Chapter Bl Following the conventions, we write numerical
expressions in an infix way here, e.g. * < y and z X y instead of < (z,y) and x(z,y),
respectively. While < is considered a binary predicate symbol, >, « < y and = > y are
abbreviations.

2All free variables are assumed to be universally quantified, unless otherwise specified.
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e F A is the following foundational axioms in the situation calculus

So # do(a, s) (3.1)

do(ay,s1) = do(asg, s2) D (a1 = as A\ $1 = $2) (3.2)
(VP).P(So) A (Va,s)[P(s) D P(do(a, s))] D (Vs)P(s) (3.3)
~(3s.)(s T So) (3.4)

s C do(a,s') = (Poss(a,s') AN\sC s) (3.5)

Here, (BJ]) and (B2) are the unique names assumption for actions; (B3
is second-order induction saying that every valid situation results from
executing a number of actions from So; (B4 and (BX) form the inductive

definition of the relation , where s C s’ is the abbreviation of the
formula sC s'Vs=¢g.

FA is domain independent, and is the only place where axiom about

the structure of situations may appear.

e Ypost is a set of successor state axioms. Proposed by Reiter [Reidl],
the successor state axiom is a simple and effective solution to the frame
problem for deterministic actions.

For each relational fluent F', it has the form
F(Z,do(a,s)) = ®(Z,a,s)
and for each functional fluent f, it has the form

f(f, do(a, s)) =y =o¢(7,y,a,s)

where ®(Z, a, s) and ¢(¥,y,a, s) are formulas uniform in s.

®(Z,a,s) has all its free variables among Z, a and s, and according to
Reiter’s approach of construction, it usually has the form

Vi (@ a,8) V F(&5) A —7p(F, 0, 5)

where ’yZE and 7y, are the positive and negative condition for the fluent
F, respectively. The former is the condition when F' starts holding,
whereas the latter is the one where F' stops holding.

Similarly, ¢(Z,y, a, s) has all its free variables among Z, y, a and s, and
usually has the form

V(& y,a,8) V f(Z5) =y ATy 75(Z, 9, a, )



26

THE SITUATION CALCULUS

Additionally, ¢(Z,y, a, s) must satisfy the consistency condition

Vo 3y.¢(Z,y,a,5) A (VY .0(Z,y,a,s) Dy=1)

which ensures that there exists a unique y that satisfy the formula.
Otherwise, the value of f(f, do(a, s)) becomes either undefined or in-
consistent.

As an example, consider two fluent symbols On and floor. On(z,y)
holds in the situation do(a, s) if and only if a is the action to move x
onto y, or x was initially on y in situation s, and a is not an action that
moves it away; floor =y holds in the situation do(a, s) if and only if a
is the action to move one floor upward and the elevator was originally
in floor y — 1, or a is the action to move one floor downward and it was
originally in floor y 4 1, or the it was originally in floor y, and «a is not
an action that moves it. Formally, the successor state axioms for the
two fluents can be written as

On(:z:,y,do(a,s)) =

a = move(x,y)V

On(z,y, s) A ~((32).a = move(z, z) V a = moveToT able(z))
floor(do(a,s)) =y =

a = moveUp A floor(s) =y — 1V

a = moveDown A floor(s) =y + 1V

floor(s) =y A —|(a = moveUpV a = moveDown)
Ypre 18 a set of action precondition axioms, and has the form
Poss(A(Z),s) = Y A(Z, s)

where W 4 is a formula uniform in s with all free variables among ¥ and
s, indicating the condition for action A to be applicable.
For example, it is possible to move a box onto another, if and only if

both boxes are clear on the top. Formally,

Poss(moveTo(x,y),s) =Vz.—-On(z,z,s) A =0n(z,y,s)

The precondition axioms may be used to determine whether a situa-
tion s is an executable one. For this purpose, we introduce a predicate
Executable(s), which is an abbreviation defined as follows:

Executable(s) = (Va,s*).do(a, s*) C s D Poss(a, s*) (3.6)
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® Y,ne is a set of unique names axioms for actions. For distinct action
symbols A and B,

A(T) # B(Y)

and identical actions have identical arguments

A(I’l,“‘ 7xn):A(y17"' 7$n)3x1:y1A"'Axn:yn

e Y is a finite set of sentences uniform in Sy, characterizing the initial
situation.

For example, the following is a description of the initial state in the
blocks world, Where Blocks A, B, C form a pile and D is standing alone
on the table:

Va.—~On(A,x,Sy) AN —=On(D,z,Sy)
On(B, A, Sy) N On(C, B, Sp)
Va.—~On(zx,C,Sy) A —~On(z, D, Sy)

In addition, situation-independent facts may also be declared in ¢, such
as On(x,y) D —On(y,z).

With the definition above, to see whether a basic action theory is sat-
isfiable, Pirri and Reiter further showed the following satisfiability theorem
[PR99].

Theorem 3.2 (Relative satisfiability). A basic action theory ¥ is satisfiable
if and only if Xyne U 20 is.

So far, we have talked about the representation of a dynamic domain in the
situation calculus. Now, it is interesting to reason whether a sentence, possibly
involving non-initial situations, holds or not. This is called the projection
problem. Since we only know the initial world, there are two approaches to
solve this problem. One is to regress the sentence from the current situation
through all the actions performed to the initial situation, and test whether
the regressed sentence holds in it; the other is to progress the initial database
through the actions to the current one, and test whether the current database
entails the sentence. We will briefly introduce both approaches in the following
two sections.
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3.3 Regression

In this and following sections, we use the abbreviations

do([], s)

do([ay,--+ ,an],s)

fzo(an,do(an_l,---do(al,s> )

(1>

so that the situation terms look more compact and suggestive.
Now, let us first get some intuitive ideas about regression. Suppose that
we have the successor state axiom for F’

F(#,do(a,s)) = ®p(Z,a,s)

and we want to know whether ¥ = F(zp,do(A,Sy). For this purpose, we
can simply test whether ¥ = ®p(zy, 4,Sp), since the two are equivalent.
Furthermore, the right hand side of the latter is uniform in the situation Sy,
so this only involves the test whether g U X, = ®r(2, A, So).

In general, for an arbitrary regressible formula, we can perform this regres-
sion iteratively to convert it to an equivalent form that mentions the initial
situation only. Here is what we mean by saying that a formula is regressible.

Definition 3.3 (Regressible formula). A formula W is regressible if and only

if
1. Every term of sort situation mentioned by W has the syntactic form
do([a1, -+ ,an],So) for some n > 0, and for terms ay,--- ,ay of sort
action.

2. For every atom of the form Poss(a, o) mentioned by W, a has the form
A(ty,--- ,t,) for some n-ary action function symbol A.

3. W does not quantify over situations.
4. W does not mention the predicate symbol [, nor does it mention any

equality atom o = ¢’ for terms o and o’ of sort situation.

Definition essentially requires that all the situation terms that appear
in a regressible formula are obtained by executing a certain number of actions
from Sj.

Definition 3.4 (The regression operator). For a regressible formula W, the
regression operator R is defined recursively as follows:

e R[W| =W if W is situation independent;
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o RW] =W if W is a relational fluent atom of the form F(Z,Sy);
e R[Poss(A(Z),s)] = R[ILa(Z, s)], where Poss(A(Z),s) = I1a(Z, s);

o R[F(¥,do(a,s))] = R|®r(Z,a,s)], where F(Z,do(a,s))] = Pr(Z,a, s);

e RIW| = R[(3y.)¢s(Z,y,a,s) A W|5(x’do(a’s))], where W is a formula
mentioning f(Z,do(a, s)), and W|£(x’do(a7s)) is the formula obtained by

simultaneously substituting all occurrences of f (a?, do(a, s)) in W with
Y

o R[Wi AWy| =R[Wi] A R[Wal;

o R[(Fv). W] = (Jv).R[W].

The following regression theorem is the core of Reiter’s formulation of the
situation calculus [Rei01]

Theorem 3.5 (The regression theorem). Suppose W is a regressible sentence
and ¥ is a basic action theory of actions, then

by ': w ZﬁEO U Z)una ): R[W]
where R[W] is the regressed version of W that mentions only situation Sy.

With Theorem B we can reason about the validity of any regressible
sentence by regressing it to an equivalent formula that is uniform in Sg, and
testing whether the latter is entailed by the initial database.

For example, suppose we have the successor state axioms

At(z,do(a,s)) =
J2’.a = drive(x’, z)V
At(z,s) A —=32".a = drive(z, 2")
fuel(do(a,s)) =y =
Jx,2’.a = drive(x,2’) Ay = fuel(s) + cost(z,z')V
fuel(s) =y A —=3z,2".a = drive(z, z")
then for the formula

W = At (berlz’n, do (dm’ve(a, b), So)> A

fuel (do(drive(a, b), So)) >0
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its regression R[W], according to Definition B4 is

(32’.drive(a,b) = drive(z’, berlin)Vv
At(berlin, So) A ~3z".drive(a, b) = drive(berlin,z")) A
(Ely.(ﬂa:, 2’ .drive(a,b) = drive(z,z’) Ny = fuel(Sy) + cost(x, 2" )V
fuel(So) =y A =3z, 2" .a = drive(z, z")) A
y > 0)

Applying the unique names axioms, to determine whether ¥ = W, it is
equivalent to test whether

Suna USo (b= berlin Vv At(berlin, So) A =(a = berlin)) A
(3y.y = fuel(Sy) + cost(a,b) Ay > 0)

3.4 Progression

Regression, as described in the previous section, is a simple and effective way
to solve the projection problem. However, when the action sequence becomes
long, such as in the case where the agent has performed a large number of
actions, it becomes computationally expensive to regress a sentence to the
initial situation. In this case, progression may be more efficient.

Definition 3.6. A set of sentences X, is said to be a progression of ¥ through
an action sequence o to S, with respect to X = XgUXpre U Zpost U Xyng UFA
if and only if

e Y, is uniform in S,;
o X EYoUX e UZpost UXyng UFA,

e For an observer standing in situation S, and looking into the future, she
cannot distinguish between a model for the original ¥ and a model for
the new theory ¥, U Xpre U Xpost U Lyng U FA.

The following theorem says that the progression of a theory through an
action is unique, up to logical equivalence.

Theorem 3.7. If X, and X, are two progressions of ¥ to the situation S,
then ¥, and X!, are logically equivalent.

Although intuitively, the ideas of regression and progression look similar,
the latter is actually much more difficult than the former. In fact, Lin and
Reiter showed that that progression, in general, is not first-order definable,
although it is always second-order definable [ER97]. Fortunately, there are a
few useful special cases of ¥, whose progression is first order definable. The
following are two of them:
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e Relatively Complete Initial Databases, where in Y, each fluent is men-
tioned once in a sentence of the form

(VZ).F(Z, So) = 1 (7)

where I1x(Z) is a situation independent formula whose free variables are
among ZI.

In this case, consider a basic action theory ¥ with a relatively complete
initial database X, and a successor state axiom for fluent F:

F(Z,do(a,s)) = ®(Z,a,s)

Let S, denote the situation do(«, Sp), we have
F(#,5,) = (%, a, S)) (3.7)

Remember that ®(Z, «, Sp) is a first order formula uniform in Sy, with
all free variables among #, a and Sy. Moreover, each occurrence of Sy
in the formula is an argument to a fluent. Suppose that G(f, Sp) ap-
pears in ®(Z, o, Sp), since the initial database is relatively complete, we
may replace all the occurrences of G(t,Sy) with IIg (). The repeated
application of this replacement eliminates all Sy in the right hand side
of Equation (BX), which means that ®(¥, «,Sy) finally becomes inde-
pendent from Sy, and thus Equation ([B7) is reduced to the form

F(Z,5.) = ¥(Z, )

It can be shown that the initial theory X, built up in this way is a
progression of the ¥y through action a. Furthermore, ¥, is also rela-
tively complete, and thus this procedure of progression can be applied
repeatedly.

e Context-Free Successor State Axioms with Isolated Fluents, where all the
successor state axioms in X, are of the form

F(Z,do(a,s)) =5 (Z,a) V F(&5) N3 (T, a)

where v} (#,a) and 75 (%, a) are situation independent formulas whose
free variables are all among those in ¥ and a. Meanwhile, the initial
database Y contains only isolated fluents, which means that each sen-
tence in Y is situation independent with the form

E D (m)F(z1,-+ ,2n,S)
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where F' is a fluent and F is a situation independent formula.

For a basic action theory X of this kind and a ground primitive action
«, we construct a new initial theory X, which is initially empty, and
expand it with the following procedure:

1. If ¢ € ¥ is situation-independent, then add ¢ to ¥4;
2. For any fluent F', add to X, the sentences

Vi (Z, @) D F(Z,S4)
v (X, a) D ~F(Z, Sa)

3. For any fluent F, if Vx.E D F(Z,S) is in ¥¢, then add to X, the
sentence
(B A7 ) > F(# 5,)

4. For any fluent F| if Va.E D —F(Z, Sp) is in ¥, then add to 3, the
sentence
(EA 75 (Z, @) D ~F(&, Sa)

Lin and Reiter proved that under the constraint that 3 is coherent?® and
consistent?, the new theory ¥, is a progression of ¥ through action c.

Like in the previous case, since the progressed database X, also has the
property that all fluents are isolated, this procedure of progression can
be applied repeatedly, and thus an initial database can be progressed
through arbitrary sequence of ground primitive actions.

As a brief introduction, we stop our dig into progression here. In Sec-
tion we shall return to this topic again, and show that the STRIPS subset
of PDDL can be given a declarative semantics by relating its update to first-
order progression in the situation calculus.

3.5 Time and Concurrency

The discussion so far is a non-temporal one, in the sense that actions are
instant state changing operators, and the happening of them is abstracted
into a sequence, i.e. only the action names and their ordering matter. In
the real world, however, actions always happen at certain time points, usually
have a duration, and may sometimes happen concurrently. With the hope to

3A database is coherent iff whenever (Vi).E1 D F(&,So) and (VZ).E2 D —F(&,So) are
both in o, then {¢|¢ € Zois situation independent} = (VZ).~(E1 A Es)
*A database is consistent iff Yo U Suna | =(3%, @) 75 (F,a) A v5 (T, a)
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enable the situation calculus to reason about time and concurrency, Pinto and
Reiter have had a study along this direction [Pin94), [Rei%6]. In this section,
we shall conduct a rough survey on their work and results. In fact, many
new approaches to the formulation of time and concurrency in the situation
calculus have emerged in the recent years, such as [DGLL0O0, [GLO0O]. However,
we choose to use Pinto and Reiter’s formalism, due to its close similarity to
the semantics of PDDL (e.g. both are off-line), which is our focus in this thesis.

3.5.1 Time

Pinto and Reiter’s proposal for adding time to the situation calculus is to add
a new temporal argument to all instantaneous actions, denoting the hap-
pening time of the action. For example, refuel(car) is now extended to
refuel(car,5.5), to mean that the action of refueling the car happens at time
5.5. As previously mentioned, real numbers like 5.5, their operations like +,*,
and their relations like < are used in the language without axiomatization,
and the standard interpretation of them is assumed.

With this extension, the foundational axioms need to be modified to cap-
ture the meaning, and ensure correct semantics of the time.

First, a new function symbol time : action — number is needed to denote
the happening time of an action. Formally,

time(A(Z,t)) =t

For example, time(refuel(car, 5.5)) = 5.5.

Then, it is necessary to also denote the starting time of the current situa-
tion. This is handled with a new function symbol start : situation — number.
start(s) stands for the time when the situation s begins. The value of start(s)
function is captured by the axiom

start(do(a, s)) = time(a)

With these two functions, it is now possible to rule out some counter-
intuitive situations. For example, it makes little sense, if any, to have a situ-
ation like

do (turn_on (light, 4) , do(refuel(car, 5.5), 5’0))

since after doing the refueling action at time 5.5, it is not possible to go back
to the past and turn on the light at time 4. In order to identify this kind of
“impossible” situations, the executability of a state is redefined:

Executable(s) £ (Va, s*).do(a,s*) € s D
Poss(a, s*) A start(s™) < time(a)
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Notice that the case start(s*) = time(a) is allowed. This is the case when an
action happens exactly the same as its predecessor. For instance,

do (turn_on (lz’ght, 5.5) ,do (refuel(car, 5.5), 5’0))

may be an executable situation, since the actions of turning on the light and
refueling the car conceptually happen concurrently at time 5.5. We shall
introduce concurrency in more detail in Section B.h.3]

3.5.2 Durative actions

A durative action is one that has a duration. In real life, many actions are

durative. For example, it takes 9 hours for a passenger plane to fly from
volume(tank)
refuel_rate

subsection, we investigate Pinto and Reiter’s approach for representing such

Frankfurt to Beijing, and to fill an empty tank with oil. In this
durative actions.

According to them, each durative action is represented by a relational
fluent and two instantaneous (non-durative) actions to denote the start and
the end event of the durative action.

For example, the durative action to walk from position x to position v,
walk(x,y), is represented with two instantaneous actions, startWalk(z,y,t)
and endWalk(z,y,t). Meanwhile, a fluent predicate symbol Walking(z,y, s)
is introduced. Walking(x,y, s) is true if and only if the agent is walking from
x to y in situation s. This is equivalent to saying that startWalk(x,y,t) has
been executed in s, but endWalk(z,y,t) has not.

In this example, the walk(z,y) durative action can be axiomatized as
follows:

Poss(startWalk(z,y,t),s) ==(Ju,v).Walking(u, v, s) A location(s) = x
Poss(endWalk:(x, Y, ), s) =Walking(x,y, )
Walking(z,y, do(a, s)) =(3t).a = startWalk(z, y, t)V
Walking(z,y,s) A =3(t').a = endWalk(x,y,t')
location(do(a, s)) =y =(3x,t).a = endWalk(z,y, t)V
location(s) = yA
=3z, ,t').a = endWalk(x,y',t')

3.5.3 Concurrency

Concurrency means the simultaneous happening of more than one action.
For instantaneous actions, this means that the actions happen at exactly the
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walk (x, y)

chew (gum)

sing (song)

shoot

t 12 ts t ts ts t

Figure 3.1: An example of concurrent actions

same time; for durative ones, this means that there is a temporal overlap in
the durations of the actions.

In this subsection, we introduce two popular models for concurrency. The
interleaved concurrency is the simpler one. It is based on the classical situation
calculus, and the basic action theory need not to be changed. However, the
expressiveness of this approach is limited, in that there are some cases which
are not representable with it. In contrast, true concurrency is more general,
but to accommodate it, one needs to extend the basic action theory with
happenings of sets of actions.

Interleaved concurrency

In interleaved concurrency, actions that happen concurrently are serialized.
So although they happen at the same time in concept, there is an ordering
among them.

Let us illustrate the use of interleaved concurrency with an example in
Figure Bl

In this example, the durative actions walk(z,y) and chew(gum) start at
the same time at ¢;. The former has a longer duration, ending at time t5,
whereas the latter only lasts till £5. So the period between ¢; and t, is the inter-
val of the concurrent happening. As we can see, the durative action sing(song)
happening between t3 and tg also overlaps partially with walk(x,y). Further-
more, the simple action shoot happens when the durative actions walk(z,y)
and sing(song) are in progress.

With interleaved concurrency, these happenings may be modeled with the
following action sequence

[startWalk(x,y,t1), startChew(gum,ty),
endChew(gum, ts), startSing(song, t3), shoot(ts), (3.8)
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endWalk(z,y,ts),endSing(song, te)]

Notice that we write startWalk(z,y,t1) before startChew(gum,ty), although
nothing prevents us from writing it the other way round as

[startChew(gum, t1), startWalk(x,y,t1),
endChew(gum, ts), startSing(song, t3), shoot(ts), (3.9)
endWalk(z,y,ts), endSing(song, tg)]

Ideally, we would like to consider (BH) and (B3) as equivalent happening
sequences, but in fact, the situations resulting from executing the two in a
same situation are distinct, since the actions sequences are different. Fortu-
nately, under the condition that the actions that happen at the same time are
independent from each other, it can be shown that conclusions drawn on the
resulting situations are the same. So, the interleaving account for modeling
concurrency is usually considered appropriate, if the outcome is independent
of the order in which the actions are interleaved.

A typical example where interleaved concurrency fails is the scenario of a
duel, where the precondition for shooting the gun is that the duelist is alive. It
is possible for both duelists to shoot each other at exactly the same time, since
before the shooting, they are still alive, and immediately afterward, both dies.
Unfortunately, this setting cannot be modeled with interleaved concurrency,
since however we serialize the shootings, only one death can occur. In the
next subsection, we shall see that this example can be dealt with correctly
with true concurrency.

True concurrency

In order to accommodate true concurrency, each of the happenings is no longer
represented by a single action, but instead, by a set of simple actions. For
instance, in order to denote the situation after concurrently executing A, and
Ay in situation s, we use the situation term

dO({Al, AQ}, S)

Like for numbers, we do not axiomatize sets, but simply use the standard
semantics for sets, their operations like U and N, and their relations like C
and €.

Now, let us see how the foundational axioms should be modified in order
to capture the notion of true concurrency with sets of actions. Neglecting the
time dimension for actions for the moment, this is done by defining the new do
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function and Poss predicate with their first parameter being a set of actions.
Specifically, we have

So # do(c, ) (3.10)
do(c,s) =do(d,s) De=d ns=4§ (3.11)
(VP).P(So) A (Ye,s).[P(s) D P(do(c,s))] D (Vs).P(s) (3.12)
—s C S() (3.13)
sCdo(c,s')=sC s (3.14)

(3.15)

)
Poss(c,s) D (Ja).a € ¢ A (Ya).[a € ¢ D Poss(a, s)]

where (BI0)-@I4]) are the counterparts of ([BI)—E3H) with concurrency ex-
tension, and (BIH) says that if a concurrent action set is possible, then it

contains at least one action, and all its simple actions must themselves be
possible. Note that the reverse direction of (BIH) need not hold, due to the
precondition interaction problem [Pin94].
With these foundational axioms, if we have the precondition for shoot(z, y)
as
Poss(shoot(z,y), s) = —Dead(z, s)

and the successor state axiom for Dead as
Dead(z,do(c, s)) = Jy.shoot(y,z) € ¢V Dead(z, s)

then it is easy to prove that both duelists may die due to simultaneous shoot-
ings, e.g.

Poss({shoot(dy,ds), shoot(da, dy)}, So) A
Dead (dl, do({shoot(dy, dy), shoot(ds, dy )}, SO)) A
Dead (dQ, do({shoot(dy, dy), shoot(dy, dy )}, SO))

Now, let us consider the more complicated case where actions are temporal,
i.e. the happening times of actions are taken into account.

First, recall that in Section B5Jl we introduced the function time to
denote the happening time of an action. Now, however, since a happening is
a set of actions, we need to modify the definition of time accordingly. Notice
that the time of a concurrent happening is meaningful, only if there is at least
one action in the happening, and all actions in it happen at the same time.
We call this property coherence. Formally,

coherent(c) £ (3a).a € c A (3t)(Va').[d € ¢ D time(a') = t] (3.16)



38 THE SITUATION CALCULUS

With this condition, the time of a concurrent happening can be defined as
coherent(c) D [time(c) =t = (3a).(a € ¢ A time(a) = t)]
Second, it is natural to extend the definition of the start function as
start(do(c,s)) = time(c) (3.17)
and the definition for Executable(s) as

Executable(s) £ (3.18)
(Ve, s%).do(c, s*) C s D Poss(c, s™) A start(s™) < time(c)

Finally, for the precondition of executing a concurrent set of actions, we
need to further require that the actions are coherent:

Poss(c,s) D coherent(c) A (Va).[a € ¢ D Poss(a, s)] (3.19)

In summary, (BI0)-EBI9) form the foundational axioms for the concur-
rent, temporal situation calculus.

3.5.4 Continuous effects

So far, the effects of actions are discrete. Specifically, all numerical updates
are modeled either as an assignment or as an instant increase/decrease of the
fluent function. For example, in order to model the temperature of a pot of
water that is being heated by a durative boil action, with the current model,
we assign the value 100 to the temperature function at the end of the interval.
In reality, however, the heating is a gradual process, and the temperature of
the water increases (approximately) linearly to time.

In order to model continuous changes like this, Pinto introduced param-
eters and names of real functions of time to the situation calculus [Pin94].
Grosskreutz and Lakemeyer later used a similar approach under the name
“continuous fluent”, when defining their action language cc-GoLoG [GLO0).

The idea is roughly like this: although the change of a numerical prop-
erty is continuous, and the value of it varies within a situation, the pat-
tern of its change is already determined at the start of the the situation.
For example, suppose temperature(water,Sg) = 20, and in the situation
S = do(boil(water, 5), SO), the temperature increases with a rate of 0.5. Al-
though the temperature of water is 20.5 at time 6 and 30 at time 25, the way
it changes precisely follows the formula

temperature(water, S1)[t] =20+ 0.5 (t — 5)
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where temperature(water, S1)[t] denotes the temperature of water in situation
S7 and at time t. As a result, the numerical function 204-0.5- (¢ —5) is defined
as an entity, and is denoted with linear(20,0.5,5).

Generally speaking, linear(xg, vg, to) stands for a linear function xg + vg -
(t — to), where t is the time at which the function value is desired. In order
to obtain the function value at a specific time point, we further define an
auxiliary function eval, which takes a continuous fluent as its first argument
and the time as its second. So, we have

temperature(water, St) = linear(20,0.5,5)
eval (temperature(water, S1),t) = 20+0.5-(t —5)

Notice that the first equation above asserts the equality between two contin-
uous fluents, whereas the second is between two numerical expressions.

3.5.5 Natural actions

The actions that we consider so far are deliberate, in the sense that the basic
action theory only says which actions are possible in a situation, and the
agent has the freedom to choose actions among all the candidates. In reality,
however, many actions happen naturally regardless of the will of the agent. For
example, if the agent releases a ball in the middle of the air, the ball naturally
falls onto the ground. Similarly, at a certain time point, it hits the ground, and
bounces back. Unlike the deliberate actions that we have considered thus far,
the cause of the happening of actions like fall and bounce is due to the laws
of the nature. Now, we shall briefly investigate Pinto and Reiter’s formulation
of the natural actions in the situation calculus.

Recall that the precondition axioms in the basic action theory only serves
as the necessary condition for an action to happen. That means, it only says
that an action may happen, but not that it must happen. In contrast, in
order to model natural actions, we need to be able to express that the action
must happen in a certain situation.

For this purpose, we first define the predicate Natural(a), which is true
if and only if a is a natural action. Then, we modify the definition of the
executability of a situation by extending to incorporate the additional
requirement for natural actions:

Executable(s) =
(Ve, s¥).[do(c, s*) T s D Poss(c, s*) A start(s™) < time(c)|A
(Va, c,s').[natural(a) A Poss(a,s") Ado(c,s") C s D
a € ¢V time(c) < time(a)]



40 THE SITUATION CALCULUS

which, in addition to the old definition, requires that for any predecessor
situation s’ of s, if a is a possible natural action in s’, then either a has indeed
happened or there exists some other actions that has happened before the
expected time of a.

As a simple example, consider the natural action fall, when we release a
ball. We may have the following axioms for this action:

natural (fall(t))

Poss(fall(t),s) = ~Holding(s)
Poss(release(t),s) = TRUE
Holding(do(a, s)) = Holding(s) A a # release(t)
Holding(Sp)

Then, we have

do({fall (5)},do({release(5)}, So))

is an executable situation, but
do({fall (7)},do({release(5)}, SO))

is not, since in the situation do({release(5)}, So), the natural action fall(5) is
possible, but neither is it actually executed, nor another action happen before
its expected happening time 5.

3.6 Complex Actions and Golog

The GOLOG language is a logic programming language for the high-level con-
trol of intelligent agents [LRLT97]. It is based on the formal basic action
theory in the situation calculus, as introduced in the previous sections of this
chapter. An explicit representation of the dynamics of the world is maintained
in the language with axioms on preconditions, effects and the initial state, so
it is possible to project the possible futures with different candidate primitive
actions before committing to one of them. As a result, GOLOG programs en-
joys a high level of abstraction, and thus much flexibility and powerfulness in
reasoning about dynamic domains.

The language offers the possibility to express complex actions with basic
control structures, such as if - --then--- and while---do-- -, which are sim-
ilar to the constructs in other programming languages. Meanwhile, it allows
for the specification of nondeterministic behavior. All of these features are
treated as macros which finally expand to formulas in the situation calculus.
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For simplicity, we only introduce the most basic version of GOLOG here.
The central definition is the abbreviation Do(d, s, s’), where § is a complex
action, and s and s’ are situations. Intuitively, Do(d, s, s’) holds if it is possible
to execute J in situation s, resulting in the situation s’. The formal definition
is an inductive one on the structure of §:

1. Primitive actions
Do(a,s,s") & Poss(a[s],s) A s’ = do(als], s)

where als] is the formula obtained by restoring the situation arguments
s for all fluents in a.

2. Test action

3. Sequence

Do([él; d2), s, s') £ (35*).(D0(51, $,8") A Do(da, s™, s'))

4. Non-deterministic choice between two actions

Do((61|02), s,8") & Do(61,s,8") V Do(d2, s, s")

5. Non-deterministic choice of action arguments

Do((rz)é(x),s,s') = (3z).Do(6(z), s,s")

6. Non-deterministic iteration

Do(6*,5,5) &
(VP).{(Vs1).P(s1,s1)A
(Vs1, s2, 83).[P(s1,52) A Do(6, s, s3) D P(s1,53)]}
D P(s,s’)

7. Procedure call

Do(P(t1, -+ ,tn),s,5) & P(t1[s], -+ , tn[s],s,s")
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Based on these constructs, we can further define the abbreviation of the
following common control structures

Do(if #then §; else d, endIf, s, s') =
Do([¢7;01]|[~¢7; 03], 5, 5)
Do(while ¢ do 6 endWhile, 5, s') £
Do([[¢?;6]"; =97, 5, 5)
Do([proc P;(v})6; endProc, - - - , proc P, (v;)d, endProc, ], s, s’) =

(VPy, -, Po).[ ]\ (Vs1,59,5;).Do(8i, 51, 89) D Do(Py(55;), 51, 59)]
i=1
DO((SO)SvS,)

As a small example, suppose we want to write a program to empty a
briefcase, then we may define the following procedure:

proc emptyBriefcase
while 3z.In(z) do
mx.In(x)?; takeOut(x)
endWhile

endProc



Chapter 4

The Logic £S

The logic €S, introduced by Lakemeyer and Levesque [LL04], is a dialect of
the situation calculus. While it reasons about situations, it does not explicitly
mention a situation term in the language. Instead, the future situations are re-
ferred to with the help of modal operators in the language, and their meanings
are defined in the semantics. One consequence is that £S is more succinct,
and simplifies the proofs of theorems in the situation calculus. Meanwhile, as
shown in [LLO05], the simplification does not lead to a loss of expressiveness in
that the second order extension of £S captures the non-epistemic fragment of
the situation calculus.

In Section L], we first introduce the syntax and semantics of £S. Then, the
development of the following sections resembles what we did in the previous
chapter. Section EE2 presents the basic action theories, and Sections EE3]and 4]
discusses the regression and progression, respectively, in the logic £S.

The standard version of £S does not consider time or concurrency, so we
postpone the discussion on how to rebuild these features to Chapter Bl

4.1 The Language

The language that we introduce here is a subset of the general one defined
in [LLO5]. Compared with their definition, we do not consider second-order
variables or the modal operators for denoting the epistemic state.

4.1.1 The Alphabet

The language of £S consists of formulas over symbols from the following vo-
cabulary:

e First order variables: x1,x2, - ,y1,Y2, * ,01,09,**;

43
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e Fluent function symbols of arity k: f¥, f§ ... for example temperature,
bestAction;

e Rigid function symbols of arity k: gV, g5, ---, for example fatherOf,
movel o;

e Fluent predicate symbols of arity k: F{“, FQk, -+, for example AtHome,
Happy;

e Rigid predicate symbols of arity k: G’f,Gk ,- -+, for example Human,
Fragile;

e Connectives and other symbols: =, A, =, V¥, O, round and square paren-

theses, period, comma.

Here, variables and function symbols have two sorts, action for actions
(like best Action and moveT o) and object for everything else (like temperature
and fatherOf). Instead of distinguishing them in their possible roles in the
semantics, we lump them together, and allow to use any term as an action or
an object.

4.1.2 Terms and Formulas

The terms of the language are of sort action or object, and form the least set
of expressions such that

1. Every first-order variable is a term of the corresponding sort;

2. If tq,--- ,t) are terms and h is a k-ary (rigid or fluent) function symbol,
then h(ty,--- ,tg) is a term of the same sort as h.

A primitive term is one with the form h(ni,--- ,ng), where h is a function
symbol of arity k, and all of the n; are ground terms. We let A/ denote the
set of all ground terms, and Z denote the set of all sequences of ground action
terms, including (), the empty sequence.

The well-formed formulas of the language form the least set such that

1. Ift1,- -+, tx are terms, and H is a k-ary (rigid or fluent)predicate symbol,
then H(t1,--- ,tx) is an (atomic) formula;

2. If t; and t9 are terms, then (t; = t3) is a formula;
3. If ¢ is an (action) term and « is a formula, then [t]a is a formula;

4. If w and [ are formulas, and v is a first-order variable, then (a A 3), -,
Vz.a, Oa are also formulas.
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We read [t]a as “a holds after action ¢”, and Oa as “a holds after any
sequence of actions”. As usual, we treat (aV ), (a D ), (a« = ) and Jx.« as
abbreviations. A sentence is a formula without free variables, and a primitive
formula is one with the form H(nqy,--- ,ny), where H is a predicate symbol
of arity k, and all of the n; are ground terms. Besides, a formula without O
is called bounded, one without O or [t] is called static, and one without O, [t]
or Poss is called a fluent formula.

As an example of formulas in the logic £S, consider the following sentence: !

Va.Fragile(xz) D (Oldrop(z)]|Broken(z)) (4.1)

This is a well-formed formula in £S5, which may intuitively read as “for any-
thing that is fragile, if we drop it in any situation, it gets broken”. Notice
that here, we do not have any situation term, and fluents do not have an extra
situation argument. Nevertheless, it is possible to reason about the dynamical
changes in the world with the help of the O and [] operators. If we translate
Equation () to the situation calculus, we get the sentence

(V). <Fmgz'le(a:) D (Vs).Broken (m, do (drop(x), s) ) >

4.1.3 The Semantics

In order to determine whether a sentence « is true or not after a sequence of
actions z has been performed, we need to specify the world w in which the
evaluation is performed. Formally, we write it as

w,z Ea

The world w here determines both the values of primitive functions and the
truths for primitive sentences, not only initially, but also after any sequence
of actions. More precisely, a world w € W is any function from primitive
terms and Z to N, and from primitive sentences and Z to {0,1}, satisfy-
ing the rigidity constraint: if ¢ is a rigid function or predicate symbol, then
wlp(ny, -+ ,ng), 2| = w[d(ny, -+ ,ng), 2], for all z and 2’ in Z.

The identity of ¢ given w and z, denoted with |t|Z, is defined inductively
by

1. If t € N, then [t|Z, = t;

2. |h(ty, - tp)|Z, = wlh(ng, -+ ,ng), 2], where n; = [t;]Z.

1 We assume that logical connectives have higher priority than O, but lower priority
than []
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For the truth value of well-formed formulas, given a world w € W and an
action sequence z € Z, we define w, z = « (read: « is true after z in w) as

1. w,z E H(ty, - ,tg) iff w[H(ny, -+ ,ng),2z] = 1, where H is a k-ary
predicate symbol and n; = |t;|Z;

2. w,z = (t; = tg) iff ny and ny are identical, where n; = |t;|Z;
3. w,z = [tla iff w,z-n = «a, where n = |t|Z;

4. w,z = (aAp) iff w,z |F a and w, z E 5;

5. w,z E - iff w, z £ a;

6. w,z | Vr.a iff w,z = of for every ground term n (of the same sort as

);
7. w,z EOaiff w,z-2' = afor every 2/ € Z.

We write w = a to mean w,() = a, and ¥ = «, where ¥ is a set of
sentences and « is a sentence, to mean that 3 logically entails «, i.e. for all
world w, if w = o for every o/ € ¥, then w = «. Finally, = @ means « is
valid, i.e. {} FE a.

4.2 Basic Action Theories

The basic action theory in £S resembles that in the situation calculus, except
for the following major differences. First, since the language does not have
situation terms, and the structure of situations is defined in the semantics,
there is no need to have the foundational axioms F.A. Second, we assume a
fixed domain of discourse, and the unique names assumption on ground terms
is a built-in property.

As a result, the basic action theory in the logic £S has the following form:

X = Yo UXpre U Xpost (4.2)
where

1. X, the initial theory, is any set of fluent sentences, expressing the facts
in the initial situation, e.g. what relations are true and what are the
initial values of functions;

2. ¥pre, the precondition axiom, is a singleton sentence of the form

OPoss(a) =7
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where 7 is a fluent formula, which has the form of a big disjunction
specifying the preconditions for each action;

3. Ypost; the successor state axiom, is a set of sentences for each of the
fluent symbols in the domain, either of the form O[a]F(Z) = v for
predicates, or of the form Oa|f(Z) = y = 7 for functions, where vp
and s are both fluent formulas.

As an example, consider the vehicle domain, where a car drives from one
place to another. In this domain, we may have the following basic action

theory:
Yo = At(berlin)}
Ypre = Poss(a) =a=drive(xi,z2) N At(x1) Nx1 # :rg} (4.3)
S B { Ofa]At(x) = Fa'.a = drive(a’,x)V }
post At(z) A =32".a = drive(z, z")

Then, we may have, for instance

[drive(berlin, aachen)]|[drive(aachen, paris)| At(paris)

4.3 Regression

Like in the situation calculus, in order to solve the projection problem, either
regression or progression has to be utilized. Now, we start from the former
case.

In the logic £S as we define here, any bounded sentence is regressible. For
the actual regression, we define R[a], the regression of o with respect to X,
to be the fluent formula R[(), a], where for any sequence of actions z € Z,
R[z,q] is defined inductively on the structure of a by?

1. Rlz, (t = to)] = (t1 = ta);

2. Rlz,Va.a] = V&.R[z,al;

3. Rlz, (a A B)] = (Rlz,a] AR[z, ]);
4. Rz, ~a] = <R[z, al;

5. R[z [tla] = Rz - t,q];

6. R[z, Poss(t)] = Rz, w¢];

2 For simplicity, we only define the regression without functional fluents. The case where
functional fluents do exist is similar to that in the situation calculus, and thus omitted here.
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7. Rz, F(t1, - ,tx)] is defined inductively on z by

a) R[<>7F(t17"' ,tk)] :F(tl,“‘ 7tk)§
b) Rzt F(ty, - 1)) = Rlz, (vp) o 7%

et

Note that this definition uses the right-hand sides of both the precondition
and successor state axioms from 3.

With the definition of regression above, Lakemeyer and Levesque further
proved the following regression theorem.

Theorem 4.1 (The regression theorem in £S). Let ¥ = Xy U Ypre U Xipost be
a basic action theory and let o be a bounded sentence. Then Rla] is a fluent
sentence and satisfies

Yo U Epre U Zpost ): a iff Xo ): R[OZ]

4.4 Progression

Progression in £S is very similar to that in the situation calculus, but due
to the fact that no situation term exists in the syntax of £S, the formula-
tion is simpler than Reiter’s original definition. The following definition of
progression is given by ClaBen and Lakemeyer [CELN(7].

Definition 4.2 (Progression). A set of sentences ¥, is a progression of ¥
through a ground (action) term ¢ (wrt. ¥, and X,0) iff

1. all sentences in X is in (¢) (i.e. equivalent to [t]p for some fluent formula
©);

2. 20 U Zpre U Epost ): Zt,

3. for every world w; with w; = X; U Epre U Xpost, there is a world w with
w = Lo U Xpre U Xpost such that

Witz b= $(3) iff w,t 2 (0)
for all z € Z and all primitive formulas ¢(0).

Due to the similarity between the progression in the situation calculus and
the one in the logic £S, we do not repeat the discussion of the properties of
progression in £S. We advise the reader to refer to Section B4l for details.



Chapter 5

The Extensions to £€S

So far, the logic £S only concerns with discrete objects and sequential ac-
tions. No numerical or temporal properties have been taken into account.
However, they are necessary for defining the declarative semantics for the lat-
est versions of PDDL. Therefore, we explore in this section a possible way to
extend £S with numbers, time, concurrency, etc. As we shall see, this is done
mainly by adding new axioms to the basic action theory previously defined in
Equation (2l of Chapter

First of all, we introduce a minor modification in Section Bl which enables
us to reason about the executability of action sequences. This is followed by
a discussion on numbers and numerical expressions, in Section B2, which is,
in turn, a foundation for the temporal extension described in Section In
Section B4l we introduce durative actions, and see how concurrent processes
can be modeled with our extensions. We then investigate continuous changes
in Section Finally, Section discusses how to model coercive actions in

ES.

5.1 Executability

On many occasions, it is useful to reason about the executability of ac-
tion sequences. Recall that in the situation calculus, we use the relation
Ezxecutable(s), as defined in (BH), to check whether s is an executable sit-
uation or not. However, in the logic £S, there is no situation term in the
language, so it is not possible to define the predicate Ezecutable in the old
fashion. To solve this problem, we introduce a new axiom X.... to the basic
action theory, when we need to reason whether action sequences are executable
in a domain.

49
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Yexzee Uses a O-ary predicate symbol Executable, which is initially true. In
the succeeding situations, we modify the truth value of Fxecutable according
to its old value and to whether the latest action is a possible one. Formally,
Yezee 18 the following sentence:

Ezecutable A (O]a] Ezecutable = Executable A Poss(a)) (5.1)

(B10) essentially asserts two things. First, the static formula Executable,
which resembles sentences in the initial theory, says that the initial situation
is executable. Second, O[a|Ezxecutable = Executable A Poss(a) has the form
of a successor state axiom, which says that in any situation, Ezecutable will
be true after action a if and only if it is true and the execution of a is possible.

As an example, let us consider the example in (B3] again. With the
definition of X.... above, we have

EOuzpre U Epost U Eewec ):

[drive(berlin, aachen)]|[drive(aachen, paris)| Executable
but

EOUEpre U Epost U Eexec ):

[drive(berlin, aachen)]|[drive(liege, paris)|~Executable

since after drive(berlin,aachen), At(liege) is false, so the precondition of
drive(liege, paris) is not satisfied, and therefore the action sequence is not
executable.

5.2 Numerics

In Section B, we have seen how numbers, their operations and their relations
are used in the situation calculus to represent properties like the happening
time of actions. An interesting question is whether we can do the similar thing
in the logic £S. Although £S8, in its current form, is similar to the situation
calculus in many respects, it has so far been unclear how we may use numbers
in it.

In this section, we shall look into this problem. In particular, we would
like to allow for elementary numerical expressions in the logic, so that we may
express basic numerical properties, such as the sentence

Ju. fuel left(v) = 75 A Idest.[drive(v, paris, dest)] fuel left(v) = 15
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For this purpose, we first have to allow for numbers in our logical domain.
Unlike Reiter’s and other formalisms, where the real numbers with their “stan-
dard interpretation” are used directly, we try to be more precise, and start
with the axiomatization of numbers.

There are several ways to axiomatize real numbers, among which the most
frequently used is based on the Zermelo-Fraenkel set theory. According to this
approach, the real number system is a Dedekind-complete ordered field. That
is to say, a model for the real number system consists of a set R, two elements
of R (0 and 1), two binary functions on R x R — R (+ and -), and a binary
relation on R x R (<), satisfying the following properties

(Vz,y,z€R). (v +y)+z=2+ (y+2) (5.2)
(F0eRVzeR). z2+0=2x (5.3)
VzeRIyeR).z+y=0 (5.4)

Vz,yeR).z+y=y+x (5.5)

Vz,y,zeR). (x-y)-z2=x-(y-2) (5.6)

(F1eRVzeR). z-1=x (5.7)

(Vze R\ {0})IyeR). z-y=1 (5.8)
Ve,yeR).z-y=y-x (5.9)
(Vz,y,z€eR). (z+y) - z2=x-2+y -2 (5.10)

0#1 (5.11)

VzeR).z <z (5.12)
Ve,yeR).z<yAhy<z=zx=y (5.13)

Vrz,y,ze Rz <yANy<z=z<z (5.14)
(Vz,yeR).z<yVvVy<zx (5.15)
Vr,y,zeR)l.z<y=c+z2<y+z (5.16)
(Vz,y,z€eR). e <yNO0<z=zx-2<y-z (5.17)

VSCR).(SEZDANTFyeR Ve e Sz <y) =
(FzeRVzeSez<zAVyeR. Vze Sx<y)=2<y) (518)

Here, (£2) — (BI0) say that (R, +,-) forms a field; (E12)) — (BI3) say that
(R, <) is a total order; (BI6) and (BIT) say that the field operations + and

- are compatible with the order <; (BIf]) says that R is Dedekind complete,
i.e. every subset of R that has an upper bound has a least upper bound in R.

Axioms (B2) — (BI8) characterize all the intrinsic properties of real num-
bers. Other properties can be derived from these axioms. Moreover, it can
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be shown that there exists exactly one model for the above axioms up to iso-
morphism, which means, given any two Dedekind-complete ordered fields Ry
and Ry, we can consider them as the same mathematical object, with just
renaming and relabeling.

However, two problems would arise if we were to use this axiomatization
in £S. First, the set of real numbers, R, is uncountable [[Can91], whereas
ES assumes a countably infinite domain. Including an uncountable set in the
domain will lose the nice properties of £S, such as the substitutional interpre-
tation of quantifiers and the representation theorem. Second, Axiom (BIX])
quantifies over subsets of R, which means that this sentence cannot be ex-
pressed in first order logic. On the other hand, there is no complete proof
theory for second order logic, so allowing for general second-order quantifica-
tion would make the logic even not recursively enumerable.

To solve these difficulties, let us first have a closer look at the second
problem. Here, what Axiom (B.I8]) asserts, in fact, is the continuity of real
numbers. This is an important property for calculus and real analysis, but
somewhat irrelevant to our goal of doing arithmetics in the logic. As a result,
we try dropping this last axiom, and consider the theory of an ordered field,
described by Axioms (B2)-(BEI7) only.

Unlike the original theory, which has exactly one model, the theory of an
ordered field has several models. To see why, note that both the rational num-
bers (Q) and the real numbers (R) are ordered fields, but they are obviously
not isomorphic, since they have distinct cardinality. It can also be shown that
the algebraic numbers (A), the computable numbers (C) and the definable
numbers (D) are all ordered fields.

Here, an algebraic number is a real number that is a root of a non-zero
polynomial with integer coefficients, such as % and v/2, but not 7; a computable
number is a real number that can be computed to any desired precision by
a finite, terminating algorithm, such as 3v/2, = and e; a real number, a, is
first-order definable in the language of set theory, without parameters, if there
is a formula % in the language of set theory, with one free variable, such that
a is the unique real number such that 1 (a) holds.! Indeed, Q, A, C, D and
R, are increasingly general concepts, i.e. Q C A C C C D C R. Moreover, Q,
A, C and D are all countable, and thus contain far “fewer” elements than R.

Among the countable ones, the set of particular interest for us is that of
the computable numbers, since it contains all the specific numbers that can
ever be represented by algorithms. As a result, it is a broad enough subset of
the real numbers for our purpose with the desired property of countability.

LAll three definitions are from www.wikipedia.org.
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Compared with the reals, the weaker axioms on the computable numbers
cannot capture the property of continuity, so it is unknown whether analysis
(including calculus) can be reconstructed with the weaker axioms. However, as
mentioned above, we are only concerned with the elementary operations, and
this axiomatization is powerful enough for this purpose. Furthermore, Tarski
proved in 1951 that elementary algebra? is decidable, by showing that every
formula can be reduced to an equivalent one without quantifiers [[Tarh1]. This
result offers us the freedom to write arbitrarily complex arithmetic formulas
in elementary algebra, and it is guaranteed that the truth value of the formula
is computable.

As a result, our solution to the two problems above is to include the
countably infinite set of computable numbers in the domain of £S3, allowing
for elementary operations (+, x and <) on them, and axiomatize them with
Axioms (B2)-(I1). In the rest part of this paper, we use X, to stand for
the numerical axioms for an ordered field.

Finally, in order to identify the numbers in the domain, we define a predi-
cate Number : N'— {TRUE, FALSE}, whose only positive instances are all the
numbers in the domain, i.e. Number(z) is true if and only if = is a number.

5.2.1 An example

In this subsection, we analyze a simple example taken from Figure 4 of [EL03].

Suppose that we have a few jugs that can serve as water containers. One
can pour water from one jug to another as long as the destination does not
overflow. Two properties are associated with each jug, namely, the capacity
and the current amount of water in the jug.

In order to model this domain, we use two functions symbols amount(j)
and capacity(j) and an action pour(ji,j2), with their obvious meanings. Now
we can write the basic action theory as follows

The precondition axiom X,

OPoss(a) =

a = pour(j1,J2) A amount(j1) < capacity(jz) — amount(ja)

2Elementary algebra concerns with the properties of real numbers restricted to operations
+ and X, using only the constants 0 and 1, and the predicate <.

3Strictly speaking, we should use the symbol C for the set of all the numbers in the
domain. However, following the convention, we sometimes also use the symbol R, since all
the real numbers that can be represented by algorithms are computable, anyway.
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The successor state axioms X,

O[a]capacity(j) = x = capacity(j) =
Ofa]amount(j) = x =
35".a = pour(j,j') A x
35".a = pour(j',j) Nz = capaczty( ) + capacity(j')V
(3 ) A

-/

Vi'.a # pour(j, j a # pour(j',7) N amount(j) = x

The initial description X

capacity(jugy) = 1
capacity(jugs) = 5
amount(jugy) =7

(jugs) =2

amount(jugs

With the basic action theory above, we may conclude, for example,
0 U Zpre U Xpost U Epum = ~Poss(pour(jugr, juge))
and

E0 U Zpre U Epost U Znum ’:
[pour(juge, jugr)|(amount(jugr) = 9 A amount(jugs) = 0)

5.3 Temporal Extension

So far, the logic is atemporal. That is, we only consider the sequence of
actions, and disregard the temporal properties, like when an action happens
or how long the duration of an action is. With the numerical extension in the
previous section, we are now able to rescue this by adding the happening time
of actions in the basic action theory.

Basically, we follow Reiter’s approach in the situation calculus as described
in Section B, and add a time argument to each action. For example, A(Z)
is now extended to A(Z,t), to mean that action A(Z) happens at time t. The
advantage is that we can stick to the standard syntax and semantics of £S.

Strictly speaking, A(Z,t) is not an action, but instead a happenings, since
it consist of an action A(Z) and the corresponding time ¢ at which it hap-
pens. However, we use the term “action” and “happening” interchangeably
for convenience, whenever there is no confusion.
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The happening time of an action is thus always the last argument in its
parameter list. Unfortunately, this fact cannot be expressed in the language.
As a result, we define an auxiliary function time : N' — R as

Hfl.a = Al(fl,t)\/ (519)

where Ay, --- , A,, are all the action symbols in the domain. With this defini-
tion, time(a) always has the value of the happening time of action a.

In order to have the “current” time, we further define a O-ary fluent func-
tion now, whose value is always the happening time of the most recent action.
Formally, we have

Ofa]now = time(a) (5.20)

This has the effect that now always refers to the time at which the current
situation starts. The functionality of now is similar to start(s) in Reiter’s
formalism, where s is the current situation. Notice that our view of time is
point based, and we only update the value of “now” at the points where some
action happens.

One important application of now is to ensure the correct temporal or-
dering of actions. When we write [a1][ag]a, we assume that as happens after
(or, at earliest, simultaneously with) a;. It makes little sense, if any, to write
[a1] before [asz], but the happening time of a; is actually later than ag. In the
temporal situation calculus, this paradox is avoided by the clause

do(a,s™) C s D start(s*) < time(a)

in the Frxecutable(s) predicate, where start(s*) is the time when situation s*
starts. Here, however, it is difficult to define such an Fxzecutable predicate in
ES, since it would then have to reason about the start times of more than one
situation without resorting explicitly to any situation term. Fortunately, with
the help of now, we may add the following axiom, saying that the happen-
ing time of an action must not be earlier than the start time of the current
situation. Formally,

OPoss(a) D now < time(a) (5.21)

This formula, together with the ones in (BE19) and (B20), forms the three
temporal axioms in £S, which we denote with e ?.

4 Strictly speaking, (BZT0) itself is not an independent axiom, but is instead compiled into
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Notice that in (2ZI]), time(a) = now is true only when the action a hap-
pens “simultaneously” with its predecessor. In this way, concurrent happen-
ing of more than one event becomes possible. From the introduction in Sec-
tion BA3l we know that this is the model of interleaved concurrency, In this
thesis, we shall mainly stick to the interleaved account to model concurrency,
due to its simplicity. In Chapter Bl we shall discuss the limitations of inter-
leaved concurrency and the prospect of integrating true concurrency in £S.

5.4 Durative Actions and Concurrency

Up to now, all the actions we express in £S are duration-free, i.e. an action
is an instantaneous event that changes a situation and finishes immediately
after activation. However, in practice, most actions have a duration. In Sec-
tion BA. 2l we have already talked about how durative actions may be modeled
in the situation calculus. Now, we focus on the same topic in the logic £S.

Following Pinto and Reiter’s approach, we represent a durative action
by splitting it into two instantaneous actions denoting the start and end
events of it, along with a predicate denoting whether the durative action
is in progress [Pin94l [Rei96]. However, instead of doing so literally, where
a durative action walk(z,y), for example, is split into startWalk(z,y,t),
endWalk(z,y,t) and Walking(z,y,s), we treat durative actions as domain
elements in £S, and have two function symbols start,end : N x R — N, and
a predicate symbol Per forming : N' — {FALSE, TRUE} for similar purposes.
The “walking” example above is thus represented by start (walk(w,y),t),
end(walk(w,y),t) and Performing(walk:(:n,y)) in our formalism. The ad-
vantage is that we can more easily explore the correspondence among the
three when necessary. For example, the following properties may be conve-
niently expressed in £S

Ola]Per forming(a) = 3t.a = start(a,t)V

Per forming(a) A —3t'.a = end(a,t’) (5.22)
OPoss(start(a,t)) D —Per forming(a) (5.23)
OPoss(end(a,t)) D Per forming(a) (5.24)

the precondition axiom when we concatenate >:me with the original basic action theory.
For example, ¥pre U Xtime entails the formula

OPoss(a) = now < time(a) A

where 7 is the right hand side of the original 3,,.. This is also the case when we later define
Ydura, €tc.
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whereas we have to write three sentences for each action if Pinto and Reiter’s
approach is used. In fact, (22)-(24]) are the first three of the durative-
action axioms X gyrq-

With this representation of durative actions, arbitrary overlapping actions
(both durative and non-durative) can be expressed. For example, the con-
current happening of actions in Figure Bl can be captured by the following
action sequence:

[start(walk(x,y),t1)][start(chew(gum), t1)]
[end(chew(gum), t2)][start(sing(song),ts)]
[shoot(t4)][end(walk(z,y), t5)][end(sing(song), te)]

In some cases, it is necessary to reason about the duration of an action.
For this purpose, we record the start time of the durative action instance, and
obtain the duration when its end event is activated. We do so by introducing
a new function symbol since : N — R, where since(a) = t means that the
durative action a has been executing since time t. Formally, the correct value
of since(a) is correctly guaranteed by

Ola]since(a) =t =
a = start(a,t)V (5.25)

since(a) =t A =3t'.a = end(a,t")

(B20)) serves as the fourth and last axiom in X g,.,. With this axiom,
when end(a,t) is executed, the duration of action a can be simply obtained
by (t — since(a)). Notice that the value of the since(a) function is meaningful
only if @ is in being executed (i.e. Performing(a) is true).

Now, let us look at a producer-consumer example which involves the fea-
tures mentioned in this section so far. We assume that there are two durative
actions, produce(v) and consume(z,v). The former increases the amount of
the product at rate v and the latter decreases it by x at rate v. Figure Bl
illustrates the basic action theory of this domain.®

Notice that a conservative resource model is used here, i.e. we check
whether there is enough product to consume at the start point of the consume
action, and increment the quantity of the product only at the end of the
produce action. This ensures the value of quantity never becomes negative.

Notice also that in the precondition axiom (B2ZH), we assert

t — since(consume(z,v)) =z /v

5 As mentioned before, axioms like Sepee, Ltime and Sgyurq only appear conceptually in
the definitions. In practice, they are compiled into Xp.e or Xpost.
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Precondition axiom X,

OPoss(a) = now < time(a) A (
Jz,v,t. a = start(consume(x,v),t)A
—Per forming(consume(z,v)) A z < quantityV
Jz,v,t. a = end(consume(z,v),t) A Per forming(consume(x,v))A
(t — since(consume(z,v))) = z/vV
Ju, t. a = start(produce(v),t) A =Per forming(produce(v))V
v, t. a = end(produce(v),t) A Performing(produce(v))) (5.26)

Successor state axioms X,

O[r]quantity = y =
Jz,v,t.r = start(consume(zx,v),t) Ay = quantity — zV
Fu, t.r = end(produce(v),t)A
y = quantity + v - (t — since(produce(v)))V
Va,v,t.r # start(consume(x,v),t) A r # end(produce(v), t)A
quantity =y (5.27)

O[r]Per forming(a) =
dt.r = start(a,t)V (5.28)
Per forming(a) A Vt.r # end(a,t)

Ofr)since(a) = t =
r = start(a,t)V (5.29)

since(a) =t AVt .r # start(a,t)

O[rjnow = time(r) (5.30)

Initial state axioms X,

now = 0 A quantity =9

Figure 5.1: Basic action theory of the producer-consumer domain
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Figure 5.2: Linear change modeled by discretized durative actions

This condition is used as a duration constraint, which says, if the consume
action reduces the quantity of product by x at a constant rate of v, then the
duration of it must be £. If the end event of consume(x,v) does not happen
exactly ¢ time after the start event of it, then the action sequence is considered

impossible. For example,

[start(consume(7,1),3)] - - - [end(consume(7,1),10)]
may be a executable trace, whereas

[start(consume(7,1),3)] - - - [end(consume(7,1),13)]

is not, since 13 — 3 # 7/1.

From (EZ17), we see that we only take into account the overall result of
numerical changes, i.e. how much the quantity increases or decreases due to
the execution of a durative actions. We do not differentiate how the numerical
value quantity actually changes within the interval of the durative actions. In
the producer-consumer example, we may have a linear producer and a linear
consumer, where, for instance, the consumer runs between time 3 and 10,
linearly consuming 7 units of product, and the producer runs between time 8
and 13, linearly producing 10 units of product, as shown in Figure with
dashed line ABCDEF. However, the basic action theory in Figure EIlmodels
the numerical change in a way illustrated by the continuous line ABB'E'EF.

As a result, we may get incorrect value of a numerical fluent within the
interval of an action that modifies it. For example, in the example above, we
have

Y = [start(consume(7,1), 3)][start(produce(2), 8)|quantity = 2

but in reality, the value is 4 at that time point.
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However, due to its simplicity, discretized models like this are useful in
many domains. In fact, it is powerful enough as long as we do not reason
about numerical values when the durative actions that change them are in
progress. For example, the basic action theory in Figure .1l draws the correct

conclusion

Y |= [start(consume(7,1), 3)|[start(produce(2), 8)]
[end(consume(7,1),10)][end(produce(2), 13)|quantity = 12

For those domains where we do need to model how a numerical fluent
changes, we have to further extend the language to integrate continuous flu-
ents. This will be the focus of the next section.

5.5 Modeling Continuous Changes

In this section, we go beyond the discretized view of numerical changes, and
consider how we may model continuous effects in £S. Here, we stick to linear
changes only, although in principle, arbitrary elementary functions can be
modeled with the approach introduced here. The reason is two-fold. First,
the linear function is the simplest non-trivial function, so its property is easy
to study. Second, our target language, PDDL 2, only allows for at most linear
changes in continuous actions.

Following our discussion in Section BS54l we use continuous fluents of the
form linear(z,v,t) to represent linearly changing numerical fluent functions.
However, we go one step further here: We assume that linear’s are domain
elements. In particular, we consider them as extra instances of Number, and
define operations and relations on them. In particular, we assert:

linear(xg,vo,to) +y =2 =
1, v1,t1.y = linear(zy, v, t1)A
2 = linear (w0 + 1) — (voto + vit1), vo + v1,0)V (5.31)
Vay,v1,t1.y # linear(xy, vy, t1)A
z = linear (zo + y, vo, to)
linear(xg,vo,to) = linear (:co + g - (t — to),v0, t) (5.32)
linear(xo,0,ty) = g (5.33)
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Furthermore, we define the following two operations on linear objects

eval(z,t) =y =
Az, vo, to.x = linear(xg, vo,to) ANy = xo + vo - (t — to)V (5.34)
Vo, vo, to.x # linear(zo,vo,to) Ny =

rate(x) =y =
x0, vo, to.x = linear(xg, vo,to) Ny = vV (5.35)

Vo, vo, to.x # linear(zg,vo,to) ANy =0

(B3T) says that if we add two linear entities together, then we combine
the two and get a new linear object; otherwise, we are adding a real number
to a linear entity, and we simply add it to the first component of the linear
function. Notice that the addition operation, as axiomatized in X,m,, is
commutative, so the case of y + linear(xo,vo,ty) can be reduced to the one
in (B31). (B32) builds the equivalence between linear objects with different
parameters. (B33) says that if a linear object has a changing rate of 0, then
it degrades to a number. (B34 defines the evaluation function for a linear
object at a certain time point. eval(x,t) returns the value of x at ¢. Finally,
(B34)) defines the function rate(z), which extracts the changing rate out of x.

In some cases, we need to evaluate the truth value of a fluent formula W
that mentions continuous fluents, at a certain time point ¢. For this purpose,
we substitute in W all the terms whose values are linear objects with with their
instant numerical values at time ¢. This process is called the numerization of
a formula. For notational convenience, we define a macro Fval[W,t], which
denotes the numerized formula of W at time ¢t. Formally, Eval[W,t] is defined
inductively on the structure of W as follows:®

Eval[l; @ la,1] = (eval(l1,t) ® eval(la, t))
Eval[-W, t] = —Eval[W,t]

Eval[Wy AWy, t] = (Bval[Wy,t] A Eval[Wa, t])
Eval[Vx. W, t] = Vz.Eval[W,t]
Eval[Poss(A),t] = FEval[n%,t]

Eval[r)W, ] = [r|Eval[W,t]

Eval[OW, t] = OFEwval[W,t]

One of the applications of Fwval is the numerization of precondition for-
mulas. For example, when we write

OPoss(a) =

6 Here ® stands for the relations = and <.
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O[r]quantity = y =

dz,v,t. r = start(consume(x, v), t)A\
y = quantity — linear(0,v,t)V

Jz,v,t. r = end(consume(z,v),t)A
y = quantity + linear(0,v,t)V

v, t. r = start(produce(v), t)A
y = quantity + linear(0,v,t)V

Ju, t. r = end(produce(v), t)A
y = quantity — linear(0,v,t)V

Va,v,t. r # start(consume(x,v),t) A r # end(consume(z,v),t)A
r # start(produce(v),t) A r # end(produce(v), t)A\
quantity =y

Figure 5.3: Successor state axioms of a continuous fluent in the producer-
consumer domain

we expect that all linear terms in 7 are substituted with their numerical values
at the happening time of a. As a result, the precondition axiom should be
rewritten as

OPoss(a) = Eval|m, time(a)]

when we allow for continuous effects in the domain.

With this model of linear change, the successor state axiom (B2Z6l) of the
producer-consumer example in the previous section can be rewritten as shown
in Figure

To understand this axiom, let us take the consume(z,v) action for ex-
ample. At its start event, quantity begins to decrease at a rate of v, so we
subtract a linear(0,v,t) component from it; at its end event, this decrease
stops, so we add the linear(0,v,t) back. At the first glance, it may seem
strange that the first argument to the linear function is 0 instead of x, but
actually, this is correct, in that we do not subtract anything immediately when
consume(x,v) starts, and only alter the changing rate of product. A natural

question is then: How do we ensure that an amount of x is consumed finally?
x
v

precondition axiom, so a correct subtraction from quantity is realized due to

Remember that the duration of consume(x,v) is always £ according to the

the fact that the product of v and the duration of consume(x,v) is exactly the
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value of x. This makes sense especially when another action modifies the value
of product when consume(x,v) is in progress, which is the case in Figure (2]
where the quantity of product at time 10 is 6 instead of 2, for example.

Now, let us have a look at how our new basic action theory correctly
models all the happenings in Figure

1. Initially, we have
Y = quantity =9

So
Y = eval(quantity,t) =9

2. After start(consume(7,1),3), we have
Y = [start(consume(7,1), 3)|quantity = 9 — linear (0,1, 3)
or equivalently
Y = [start(consume(7,1), 3)]quantity = linear(9, —1,3)
So

¥ = [start(consume(7,1),3)]
eval(quantity,t) = eval(linear(9, —1, 3),t)

which may be simplified to

Y = [start(consume(7,1), 3)|eval (quantity,t) = 6 —t

3. After start(produce(2),8), we have

Y = [start(consume(7,1), 3)][start(produce(2), 8]
quantity = linear(9, —1, 3) + linear(0, 2, 8)

or simply
Y = [start(consume(7,1), 3)][start(produce(2), 8]
quantity = linear(—4,1,0)
So we have
Y = [start(consume(7,1), 3)][start(produce(2), 8]

eval(quantity,t) = —4 +t

For example, at time 9, the quantity of product is —4+9 = 5 unit, which
coincides with Figure



64 THE EXTENSIONS TO £S

4. After end(consume(7,1),10), we have

Y = [start(consume(7,1), 3)|[start(produce(2), 8)]
[end(consume(7,1),10)]
quantity = linear(—4,1,0) + linear(0, 1, 10)

or equivalently,

Y = [start(consume(7,1), 3)|[start(produce(2), 8)]
[end(consume(7,1),10)]quantity = linear(—14,2,0)

So we have

Y = [start(consume(7,1), 3)|[start(produce(2),8)]
[end(consume(7,1),10)]eval (quantity,t) = —14 + 2t

5. Finally, after end(produce(2),13), we have

Y |= [start(consume(7,1), 3)|[start(produce(2), 8)]
[end(consume(7,1),10)][end(produce(2), 13]
quantity = linear(—14,2,0) — linear(0, 2, 13)

which can be simplified to

3 = [start(consume(7,1),3)][start (produce(2), 8)]
[end(consume(?, 1), 10)][end(produce(2), 13)]quantity =12

As we can see, the result corresponds exactly to the reality illustrated in
Figure

5.6 Coercive Actions

In the current form of the basic action theory, all the actions happen deliber-
ately, in the sense that the agent has the freedom to choose from a candidate
pool of possible actions, and determine which action happens next. In re-
ality, however, the agent does not always have that freedom. For example,
the snack bar closes daily at 20:00, regardless whether the robot is hungry at
midnight and wants a fat dinner; a pot of water starts boiling 5 minutes after
the robot puts it on the heater, although the robot is now enjoying a movie
in another room. The former “closing shop” action is a sort of predetermined
exogenous event, whereas the latter “boiling” action follows the laws of the
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nature. Whichever reason the actions are caused to happen, they share a
common property that they are coercive, in that they must occur at a certain
time point.

Remember that in Section Bh0l we discussed the concept of natural ac-
tions in the situation calculus, which was originally proposed by Pinto [[Pin94]
and later further elaborated by Reiter [Rei9f].

However, both work focuses on natural actions that is determined by the
laws of nature. What we would like to have here, in contrast, is to model
the coerciveness caused by both natural laws and predetermined exogenous
actions. Furthermore, we are more interested in the influence of such coercive
actions on the deliberate actions, rather than how a domain evolves under the
laws of nature and without external interference. So in this section, we will
adapt their concepts and ideas, and define our own notion of coerciveness in
the logic £S.

To identify a coercive action, we do not use the predicate symbol natural
as Pinto and Reiter did, since it seems a bit strange to assert that a shop
closing action is natural. Instead, we name it Obli, which is a predicate on N
Obli(a) means that action a must happen in the current situation. Note that
the happening time of a is simply time(a). The definition of Obli resembles
that of the Poss predicate, and has the form

OObli(a) =11

where II is a big disjunction of the necessary and sufficient conditions for each
action to occur. For example,

0O0bli(a) =
a = closeShop(20)V
Ip,t.a = boil(p,t) A Per forming (heat(p))
At — since(heat(p)) > 5

which means, at time 20, the shop must be closed, and if we are heating a pot
of water for more than 5 minutes, then the water boils.

The next question is how to guard the obligatory condition, i.e. how to
ensure that in all the situations and at all times in an action sequence, as long
as Obli(a) is true, a is indeed executed.

Unfortunately, due to the fact that we are using interleaved concurrency,
which is a simplified but limited model of concurrency, we can only consider
a special case here, where the following Assumptions BTl and are satisfied.
In Chapter B, we shall illustrate the necessity of having Assumption BEJlin the



66 THE EXTENSIONS TO £S

interleaved account for concurrency with a concrete example, and discuss how
this assumption may be dropped when true concurrency is used.

Assumption 5.1. Coercive actions never happen concurrently with other ac-
tions.

Assumption 5.2. Coercive actions are always followed by other actions.

With the assumptions above, our proposal is to add a new axiom X op; to
the basic action theory, insisting that for an action to be possible, no other
obligatory actions are scheduled before it. Formally,

OPoss(a) D —(3a’.0bli(a") A now < time(a') < time(a)) (5.36)

In this way, we consider an action sequence that violates the obligatory
condition Obli(a) to be impossible and thus invalid. In the next section, we
will return to coercive actions when we model continuous invariant constraints
and timed initial literals.



Chapter 6

The Semantic Mapping
between PDDL and £S5

In Chapter B, we introduced the language of PDDL along with an informal
account of its state-transitional semantics; in Chapter Bl we investigated how
the logic £S may be extended to incorporate time and concurrency. With
these results at hand, we are now ready to establish the semantic mapping
between PDDL and the basic action theories in £S. This mapping will serve as
a declarative semantics of PDDL, since for each construct in the PDDL problem
definition as well as the plan, we know exactly what it means in terms of logic.

The development of this chapter is like the following. First, we briefly
survey, in Section Bl the existing work on two proper subsets of PDDL,
namely, the STRIPS and the ADL fragments of the language. Then, we extend
these results by considering each of the new features in our target subset.
Section deals with numerics and plan metrics, followed by the mapping of
durative actions in Section Finally in Section 4] we turn to timed initial
literals.

6.1 Existing Work

6.1.1 STRIPS as Progression in the Situation Calculus

The first attempt to define a declarative semantics for planning languages
dates back to Lin and Reiter, who related the state updates in STRIPS to first-
order progression in the situation calculus [LR95]. They proved, among other
things, that there exists a direct correspondence between relational STRIPS
and basic action theories with complete initial database and strongly context
free successor state axioms.

67
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Definition 6.1 (Relational STRIPS). A STRIPS system is called relational, if
its state representation

e consists of a set of ground atomic facts about predicates other than
equality;

e assumes the closed-world assumption on predicates including equality.

Definition 6.2 (Strongly context free successor state axioms). A successor
state axiom is strongly context free if and only if it has the form

F(Z.do(a,s)) =
FTM)a = A (EV) v - v (FT™)a = A, (€M) (6.1)
F(Z,5) A=((FdW)a = By (V) v --- v (3"™)a = B, (7™))
Here, the A; and B; are function symbols of sort action, not necessarily distinct
from one another. E(i) and 77U) are sequences of distinct variables that include

all the variables in &; the remaining variables of EW and 7) are those being
existentially quantified by 7@ and @), respectively.

Strongly context free successor state axioms are special cases of context
free successor state axioms that are defined in Section B4l They satisfy the
additional condition that for any action term other than the variable a, its
parameter list contains all the variables that appear in Z.

For example, according to this definition, the successor state axiom

At(:z:,y, do(a, s)) = Jy'.a = move(x,y,y)V
At(z,y,s) A= (3y".a = move(z,y,y"))
is strongly context free, whereas
In(z,do(a,s)) = a = putIn(z)V
In(z,s) A a # emptyBriefcase
is not, since the action term emptyBriefcase does not have the parameter .

In order to represent the relational databases in purely logic notion, Lin
and Reiter defined the official axiomatization as follows:

Definition 6.3 (Official axiomatization of relational database). Let D be a
relational database. D’s official axiomatization € is constructed by:

1. Suppose P(é(l)), e ,P(é(")) are all of the ground atoms of predicate
P occurring in D, where C@ are tuples of constant symbols. Then
include in €2 the sentence

P@=F=CDv...vi=cF®



6.1 EXiSTING WORK 69

If the predicate P has no ground instances in D, then include in 2 the
sentence
P(¥) = FALSE

2. Include in  unique names axioms for all constant symbols.

With this definition, a STRIPS database, Dg, where F(é(l)), e ,F(é(”))
are all the positive instances of the predicate symbol F', has the corresponding
initial theory containing the sentence

F(Z,S)=t=CVDv...vi=C_CM (6.2)

where C® are tuples of constant symbols of sort object.

In order to show how this is related with progression in the situation
calculus, let us assume that we have a basic action theory of the form 3 =
FAUEUEpre UZpost U Xyna, where

1. The sort object ranges over all objects other than situations and actions
in the domain; the only function symbols of sort object are constants.

2. ¥, contains one sentence of the form in (E2) for each fluent symbol F.
3. All successor state axioms in X, are strongly context free.

Now, we investigate the progression of such a theory through a ground action
term o.
Due to the unique names axioms on actions and the form of ¥, we may

reduce (61 to

—

z
[526(1)v...vfzé(”)]Af7&Y(1)A.../\Q‘;‘#?(m)

Let #=CMWv...vZ=C" be all the C®) that are different tuples from
all of the ?(i), then

F(Z,do(a, Sp)) =2 =XV v vi=XUvi=CVv...vi=C"

This construction can be performed for all the predicate symbols in the
domain, and let us denote the resulting theory with >, then it can be shown
that X, is the progression of ¥y through the action term a.

To see how this is related to the state update in STRIPS, notice that the sit-
uation suppressed version of ¥, is an official axiomatization of a new database,
which we denote with D,,. It contains, for the predicate symbol F' for example,
the instances F(X™1),... F(X®), F(CW),... F(CM).
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Comparing this set of instances of F' with Dy, it is easy to see that the
new database is obtained by performing the following addition and deletion
to the initial database:

1. Delete from Dy the instances F(Y M), ...  F(Y (™),

—

2. Add to to Dy the instances F(XM), ...  F(XD).

These addition and deletion are exactly what the add list and delete list ex-
press in the operator definition of «. Therefore, the progression of the initial
theory correctly models the state update with STRIPS action operators.

6.1.2 ADL as Progression in the Logic £S5

Generalizing the result in the STRIPS subset, Clalen et al. showed that ADL
can be given a declarative semantics with the logic £S [CELNQ7]. Although in
principle, it is also possible in the situation calculus, they argue that the for-
mulation in £S is more succinct. In this subsection, we shall look at how they
have defined the semantic mapping. Notice that in their original work, both
closed-world and open-world cases are considered. Here, for simplicity, we
only review the closed-world fragment, since the open-world case is excluded
from PDDL 2, and not interesting to the topic of this thesis.

We begin with constructing the basic action theory given an ADL problem
description.

Recall that in Section L3 we defined a structural representation of PDDL
descriptions, where an action A is represented by the tuple (Z: 7,74, €4), and
the normal form of the effects e4 has the form

Nr, Y5 Ty (Y, a(05, 2) = Fj(25))A
/\Fj vz : TF]"(’VI;J-7A($_"

<
Xy
i
2
ugl
N~—
SN—

The following construction of the basic action theory makes use of this nota-
tional convention.

The successor state axioms X),:
Given the normal form of operators in (2]I), we construct, for each fluent
predicate F}, the formulas

T = \/ 3zi.a = Ai(Z) ANvg 4, (6.3)
Vi, 4, ENF(A)
Tr, L \/ 3zi.a = Ai(5) Avp, 4, (6.4)

’Y;ijiENF(Ai)
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where 5, 4 € NF (A;) means that a clause with A; exists in Vjs, only if
some V;j,Ai exists in the effect of A; (x € {+,—}). Then, the successor
state axiom for Fj is simply

OlalFy (&) =, A5, (@) v Fj(55) A=, (6.5)

where 7p,(7;) is the typing constraint, which ensures that F;(z}) can
become true only if 2 are consistent with the type definitions for F}’s
arguments.

In addition, we need to construct the successor state axioms for each
type 7. Since typing is situation-independent, we simply have

Ofa]7i () = 7(x) (6.6)

The precondition axiom X,..:
The precondition axiom is obtained by a disjunction of all the precon-
dition formulas of operators with case distinction, which has the form

OPoss(a) = \/ 3z T.a = Ai(Z) N ma,
1<i<m

The initial description Xg:
The initial theory actually consists of two parts, sentences characterizing
the initial world state and those for the typing of objects.

The construction from the initial world state is similar to how we ob-
tain the official axiomatization of relational databases in Section
Specifically, suppose that Fj(oi), -, Fj(og;) are all the positive in-
stances of I} in the initial state I, then we include the sentence

Fy(zj) = (1 =01 V- VL, = 0f)) (6.7)

in the initial theory 3¢, which we sometimes write as 3o(/) to indicate
that it is an initial theory obtained from the state description I.

As for typing, we add to Xy the following sentences

() = (7 (2) V- Vo, (2)) (6.8)
F(xj,--- ,xjkj) O (1, (i) A A T, (mjkj)) (6.9)
Ti(z) = (x =0, V- Va =05 ) (6.10)
Object(z) = (r1(z) V- -+ V 7i(2)) (6.11)

Here, (6.8]) deals with “either” statements; (E9) declares the type of each
argument to a predicate symbol; (EI0) says that = 0j,, -+, = Ojy,
are all the instances of primitive type 7;; finally, (EI1]) declares Object
to be the union of all other types.
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With the basic action theory constructed in this way, now we consider the
state I, obtained by executing an ADL operator, «, in I. First, Lemma
formalizes some simple consequences from the construction above.

Lemma 6.4. Let o = A(p) be an action and & be object parameters for the
fluent F;, then

1. X A 77.(0) is satisfiable iff 0 are of the correct types according to the
J
ADL problem description.

2. % E *y}j?’ Z iff 7}3,714(6',]5’) is satisfiable in the original ADL state I,
where * € {4, —}.

3. Yo U Xpre = Poss(a) iff ma(p) is satisfied in the original ADL state I
and p are of the correct types.

Proof. We shall prove a more general version of this lemma, as well as the com-
ing Theorem B3, in Chapter [ after we make the extensions with functional
fluents. O

Under the condition that ¥o(/)UX,,. = Poss(a), Lemma B4 tells us that
the execution of « is a possible one in the ADL state I. So, we do the following
for all Fj and all 0 such that F}(0) is type consistent

LI S = 4,7, then add F(9);

2. If Xy E fy;j? Z, then delete F(0);

Let us denote the set of literals to be added by Adds and those to be deleted
by Dels, then the new state description is

I, = (I\ Dels) U Adds

Claflen et al. related the state update above to first-order progression in
ES (c.f. Section ), and proved the following theorem:

Theorem 6.5. Let I, be the state description obtained as shown above, given
an ADL problem and a ground action «. Further, let ¥, = {[a]|¢| € Eo(1a)},
where ¥o(1y) is the initial theory constructed from I, instead of I. For all F},
let the consistency condition = ﬂ(’y;ij A 7;j)g hold. Then ¥, is a progression
of Xo through «.

Theorem implies that the application of an ADL operator under the
state transitional semantics is the same as progressing the initial theory of the
corresponding basic action theory.



6.2 NUMERICAL EXPRESSIONS AND PLAN METRICS 73

6.2 Numerical Expressions and Plan Metrics

With the existing results described above as a starting point, we are now ready
to investigate the additional features in the more general version of PDDL 2.
This section is devoted to the numerical extensions, which corresponds to
PDDL domains with the :fluents requirement.

In the coming subsections, investigates how numerical properties in
the PDDL problem definition can be mapped to the basic action theory in £S,
discusses the plan metrics, and finally illustrates all of our ideas in
this section with an example.

6.2.1 Numerical Expressions

As mentioned in Section EZZ2, two restrictions are proposed for the usage of
numerical expressions in PDDL according to Fox and Long’s definition. First,
only numerical valued functions are allowed, i.e. all functions are of the form
Object™ — R, and functions like Object™ — Object are disallowed. Second,
numbers are not terms in the language, and thus cannot appear as parameters
to actions, predicates or functions.

Notice that our extension to £S is more general, in that all syntactically
valid numerical expressions in PDDL can be represented in £S, but not vice
versa.

In order to build a direct correspondance, we define additional constraints
in the basic action theory, such that the restrictions in Fox and Long’s seman-
tics can be modeled. Indeed, we only need to ensure that all function symbols
in f have parameters of type Object (or its subtype) and function value of
type Number. For this purpose, we add the following typing constraint for
each function symbol f; in the initial theory:

filxjy, - ,xjkj) =yD (le (Tj) A=A T, (a:jkj) A Number(y)) (6.12)

Now, let us investigate how the numerical extensions, compared to the ADL
subset, influences the basic action theory. We shall start from the successor
state axioms ¥,,s for functional fluents, and then discuss the precondition
axioms Y, and the initial description ¥g.

The successor state axioms

The mapping from PDDL operators to the successor state axioms in £S is
similar to the ADL subset, except that we add additional axioms for numer-

ical fluent functions. So for predicate symbols and typing constraints, the
construction still follows (E3])—(G.H).
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For the numerical function symbols, remember that in Section B2, we used
the formula 7;3‘7 4,(75,y, 2) to denote the condition to assign y to f;(z}) in the
effect of action A;(Z;). So, like in the case of fluent predicates, we define the
effect formula to assign y to f;(j) as

=\ Fda=AiE) A, (6.13)
V5,4, ENF(A)

and the one to change the value of f;(«}) at all as

vy, = \/ 5.0 = Ai(5) Ay, (6.14)
ij,AiENF(Ai)

Then the successor state axiom for numerical function f; is
Olalfj(z5) =y = ’y}ij AN 7p(25) A Number(y) V f;(75) =y A~y (6.15)

where 7y, is the typing constraints for the function symbol f;.

The precondition axiom

The precondition axiom is obtained in the same fashion as in the ADL subset.
Remember that < is a predicate symbol, = is the identity relation in the
logic, and >, < and > are abbreviations, so the precondition axiom does
not contain any new feature, although we may now freely write comparison
between numerical expressions in it.

The initial state description

The initial description ¥ is constructed in a similar way to what we did
in Section The mapping is exactly the same for the initialization of
predicates. Then, for typing of objects, apart from (E8)—([EI1l), we add the
new constraint for function symbols in (EIZ). Finally, for the (numerical)
functional atoms, we include for each functional symbol f; the sentence

fj(f):yzf: 1Ay =71V
SV (6.16)
T =op, N1 = yg,
where f;(01) = 71, , fj(ok;) = ri; characterize the initial values of all the

instances of f;.
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6.2.2 Metrics

Before presenting an example to illustrate our solution to numerical expres-
sions above, let us first have a closer look at the plan metrics in PDDL.

As defined by Fox and Long, a plan metric is a numerical value, on which
basis the quality of a plan is evaluated. Any quantity that is used for defining
a metric has to be instrumented in the domain description, i.e. an action
has to specify how it may change the quantity in the :effect section. So
pragmatically, a metric is nothing but a real value obtained from arithmetics
on some of the numerical fluents in the domain.

The use of metrics for a planner is to optimize the plan that it generates. In
contrast, for our purpose here, metrics do not serve as a guideline in the basic
action theory in £S. Nevertheless, we always have access to the metric values,
since they are formulas on normal numerical fluents in the domain. This is
somewhat similar to the goal description in PDDL, in that we do not map the
goal sentence to anything in the basic action theory, yet we can always check
whether the goal is satisfied. In the following example, we will also see how
the metrics of a plan may be evaluated according to the basic action theory
in £S.

6.2.3 An Example

We now illustrate, with a concrete example, how to map a PDDL problem
description with numerical expressions and metrics to the basic action theory
in the logic £S. We do so by deriving a basic action theory from the sample
PDDL specification in Figure

The Precondition Axiom Y.

As usual, the right hand side of the precondition axioms is obtained by

m=\/ 3% :7F.a=A(5) A7y, (6.17)

1<i<m

In our example here, there is only one action drive(v,ly,ls), so the pre-
condition axiom is

OPoss(a) =
v, 1y, le. Vehicle(v) A Location(ly) A Location(la) A
a = drive(v,ly,13) N At(v,l1) A Accessible(v, 1y, l2)A
fuel level(v) > fuel_required(ly,ls)
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(define (domain metricVehicle)

(:requirements :strips :typing :fluents)

(:types vehicle location)

(:predicates (at ?v - vehicle ?p - location)

accessible ?v - vehicle 7pl ?p2 - location ))

(:functions (fuel-level ?v - vehicle)
fuel-required ?pl ?p2 - location)
total-fuel-used))
(:action drive

(
(
(fuel-used ?v - vehicle)
(
(

:parameters (?v - vehicle ?from ?to - location)
:precondition (and (at ?v ?from)
(accessible 7v ?from 7to)
(>= (fuel-level ?v) (fuel-required ?from 7to)))
:effect (and (not (at ?v ?from))
(at ?7v 7to)
(decrease (fuel-level 7v) (fuel-required ?from ?to))
(increase (total-fuel-used) (fuel-required ?from 7to))
(i (f

increase (fuel-used ?v) (fuel-required ?from ?t0))))

)
(define (problem metricVehicleExample)
(:domain metricVehicle)
(:objects truck car - vehicle Paris Berlin Rome Madrid - location)
(:init (at truck Rome)
(at car Paris)
(= (fuel-level truck) 100)
(= (fuel-level car) 100)
(accessible car Paris Berlin)
(accessible car Berlin Rome)
(accessible car Rome Madrid)
(accessible truck Rome Paris)
(accessible truck Rome Berlin)
(accessible truck Berlin Paris)
(= (fuel-required Paris Berlin) 40)
(= (fuel-required Berlin Rome) 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))
(:goal (and (at truck Paris) (at car Rome)))
(:metric minimize (total-fuel-used))

)

Figure 6.1: Domain and problem description with numerics and metrics
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The Successor State Axioms X,

There should be one successor state axiom for each predicate and each function
symbol. In the example domain, we have two predicate symbols At(v,[) and
Accessible(v,1,13), and four function symbols fuel level(v), fuel_used(v),
fuel_required(ly,ly) and total_fuel used.

The effect formulas for predicates (including those for typing) are derived
in the same way as illustrated in Section for the ADL subset of PDDL,
i.e. from the normal form of the effects of the only action drive(v,ly,ls), we
obtain

'yj{t = v, ly,lp.a = drive(v,l1,la) Nxy = v Axo = s

Yap = W, 11, la.a = drive(v, I, o) Ny =v Az =1y
+ _

Y Accessible = false

Y Accessible — false

then, the successor state axioms for the predicates are simply

Ofa)At(z1,22) =
v A Vehicle(z1) A Location(z2)V
At(x1,22) Ny,
Ofa)Accessible(z1, x2,x3) =
YV oossine N Vehicle(x1) A Location(xa) A Location(xs)V

Accessible(x1, 2, %3) A Y 4ocessible

For the function symbols f(&), we define their update conditions in the
way as specified in Section G2k

’Y;uel_required(xl’ I2, y) = FALSE
’quel_required(mh $2) FALSE
’Y;uel_level(m7 y) Jv,ly,lp.a = dm’ve(% l1, l2) Az = VA

y = fuel level(v) — fuel_required(ly,ls)

Y fuel tevel () = Ju,ly,ls.a =drive(v,ly,lo) Nz =
’y;uel_used(x,y) = Ju,ly,ls.a = drive(v,ly,l2) Az = vA

y = fuel_used(v) + fuel_required(ly,lz)
Y fuelused(T) = Ju,ly,ls.a =drive(v,ly,lo) Nz =
’ontal_fuel_used(?/) = 3, ly,ls.a = drive(v,ly, o)A

y = total_fuel_used + fuel_required(ly,l2)

Vtotalfuel used v, 1y, le.a = drive(v,ly,13)
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Then the successor state axioms for functional fluents are

Ola] fuel_required(zy,x2) =y =
Yfuelrequired(T1, 2,Y) A Location(x1) A Location(xa) A Number(y)V
fuel_required(x1,x2) = Y N Y fuel required(T1,T2)
Ola] fuel level(x) =y =
Vfueltever (T y) A Vehicle(x) A Number(y)V
fuellevel(x) = y A = fueltevel ()
Ola] fuel_used(z) =y =
Vfuelused(T> y) A Vehicle(z) A Number (y)V
fuel_used(x) =y N ~Ytuel_used ()
Ola]total_fuel used =y =
Veotal_fuelused(y) N Number(y)V
total_fuel_used = y N ~Viotal_fuel_used

In summary, if we simplify all the sentences above, we get the successor
state axioms for all typing constraints, relational and functional fluents in the
domain as follows:

Ofa]Vehicle(x) = Vehicle(x)
O[a] Location(x) = Location(x)
Ofa] At(v,1) =
3l'.Location(l') A a = drive(v,l’,1) A Vehicle(v) A Location(l)V
At(v,1) A =3l'.Location(l') A a = drive(v,1,1")
Ofa) Accessible(v,lq,12) = Accessible(v,ly,13)
Ola] fuel-required(ly,ls) =y = fuel-required(li,la) =y
Ola] fuel level(v) =y =
i1, ls.Location(ly) A Location(le) A a = drive(v,lq,l2)A
y = fuel_level(v) — fuel_required(ly,la)\
Vehicle(v) A Number(y)V
fuel level(v) =y A =311, ls.a = drive(v, 11, 12)
Location(ly) A Location(ls)
Ola] fuel_used(v) =y =
i1, ls.Location(ly) A Location(le) A a = drive(v,lq,l2)A
y = fuel_used(v) + fuel_required(ly,l2)A
Vehicle(v) AN Number(y)V
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fuel_used = y A =31y, ls.a = drive(v, 1y, l2)A

Location(ly) A Location(l3)
Ola]total _fuel used =y =

v, 1, l.Vehicle(v) A Location(ly) A Location(l3)
a = drive(v,l1,la) AN Number(y)A
y = total_fuel_used + fuel_required(ly,l2)V

total_fuel_used = y A =3, 1, ls.a = drive(v,ly,13)
Vehicle(v) A Location(l1) A Location(lz)

The Initial Description X

Finally, following the construction procedure described above, it is easy to
obtain the following initial theory for this domain:
Vehicle(z) =z = truck V x = car
Location(x) =x = paris V x = berlin V x = rome V x = madrid
At(z,y) DVehicle(x) A Location(y)
Accessible(x,y, z) DVehicle(x) A Location(y) A Location(z)
fuel level(x) =y DVehicle(x)
fuel_used(z) =y DVehicle(x)
fuel_required(zx,y) DLocation(x) A Location(y)
At(
)

fuellevel(x) =y =

)
z,y) =(x = truck Ny = rome) V (z = car ANy = paris)
x = truck Ay = 100) V (z = car Ay = 100)
Accessible(x,y, z) =(x = car ANy = paris A\ z = berlin)V
x = car Ay = berlin \ z = rome)V
x = car Ny =rome A z = madrid)V
x = truck Ny = rome A z = paris)V
x = truck Ny = rome A z = berlin)V
= truck Ay = berlin \ z = paris)
fuel_required(z,y) = z =(x = paris Ay = berlin A\ z = 40)V
= berlin Ny =rome A\ z = 30)V

=rome Ay = madrid A\ z = 50)V

ome Ay = berlin A\ z = 40)V

x
x

x

x

x =rome Ay = paris A z = 35)V
x=r

x = berlin Ay = paris \ z = 40)
)

total_fuel used =y =
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fuel_used(z) =y =(x = car Ny =0) V (z = truck ANy = 0)

With the basic action theory above, we may correctly conclude, for exam-
ple,

Yo U EpreUEpost U Xy = [drive(car, paris, berlin)]
[drive(truck, rome, paris)][drive(car, berlin, rome)]

(At(truck, paris) A At(car,rome) A total _fuel used = 105)

and we can see that the metric total_fuel_used has got the desired correct
value 105.

6.3 Durative Actions

In this section, we investigate how we may give the durative actions in PDDL
a declarative semantics with the logic £S. First, we shall look at the simpler
case where at most discretized numerical effects exist. Then, we turn to the
more general but complicated case with continuous numerical effects. In both
cases, instead of building everything anew, we base our discussion upon the
results from the previous sections, and only remark on the necessary changes.

6.3.1 Discretized Durative Actions

This subsection deals with discretized durative actions with at most end du-

ration constraints and temporally local conditional effects. Following the

notational convention in Section B3], suppose that we have simple actions!

Aq, ,Ap € 2 and durative actions Al, . A € Ql where eg_ = 0, 58 =
J

TRUE, and each effect in eg has the form (TRUE, TRUE, ;) = 1;;, for all

7 =1,---,q. Our goal is to translate these action descriptions to the basic

action theory in £S.

Remember that as mentioned in Section 4] we represent durative actions
in £S with two simple actions denoting the start and the end events of it. This
coincides with the definition of durative actions in PDDL, where conditions
and effects are temporally annotated, as denoted by <7T~ & %, ) and <6~ A )
respectively. So the first step in deriving the basic actlon theory frorn the
PDDL description is to map the start and the end conditions and effects.

For the durative action Zj, to make its start event possible to happen,

at least 71'% must be satisfied. And if it really happens, then the effects EfZ

J J

! In this section and the following, the terms “simple action” and “spontaneous action”
both stand for non-durative actions.
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will take place. Similarly, 7% and €% can be considered as the (partial)
J J

precondition and effects of the end event. Since we assume that no end effect

e ~. have a premise that is temporally prior to its happening, all the conditional

effects if any, are local as well. So, to some extent, the start and the end
events are just like the simple actions in 2. Therefore, for notational benefits,
we define them as two virtual simple actions with the normal form AZ(Z :

T, T, €4,) and EEC: Ty T, €4, ). Further, we denote .7(2A) = {AS} and

ERA) = {Ae} Then, to translate the problem description, we need to consider
not only the simple actions in %I, as we described in the prev10us section, but
also the virtual simple actions in .#(2) and &(2), derived from 2.

As a result, the precondition axiom will have the form

OPoss(a) = time(a) > now A (

\ Fzita= Az ) AraV

1<i<p
\/ dzj,t.a = start(;lj(z_]'-), HATGV
1<j<q ’
\/ 3zj,t.a = end(gj(z}), t) A 77%)
1<j<q ’

and the structure of successor state axioms remains unchanged, except that
the effect formulas, ’y;;j, Vr,» 7§, and vy;, consider actions in 21U L(A)UE )

_ o A +
= \/Aiemuy(ﬁ)ug(ﬁl) 3zi.a = Ai(Z) NV 4,
’YF'+ A_ENF(AZ')
J ? 1

Tr, = \/Aiemuy(ﬁ)u(s’(ﬁ) 3zi.a = A;(z) A TF;,A,
’Y;ijiENF(Ai)

5 = Vaeons @ue@ 350 = AilZ) A, 4,

’y;ijiENF(Ai)

15 = Vaseans @ue@ 3500 = Ai(5) Aga,
Vsj.4; ENF (A7)

However, two things are neglected in this direct transformation. First, the

duration constraint ¢ ; is not yet taken into account. Second, the invariant
J

conditions 71% for durative actions are not protected. Now, we shall look at

J
how they may be implemented in the basic action theory.
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Remember that in Section B4l we defined the following axioms in X j,q:

O[a]Per forming(a) =

Jt.a = start(a,t)V

Per forming(a) A —3t.a = end(a,t)
Ola]since(a) =t =

a = start(a,t)V

since(a) =t A ~3t'.a = start(a,t’)
OPoss(start(a),t) D ~Per forming(a)
OPoss(end(a),t) D Per forming(a)

and concluded that we may obtain the duration of durative action a with
(t — since(a)) at end(a,t), the end event of a. As a result, we may check
whether the end duration constraint 6% is fulfilled at this time point, more
precisely, in the precondition of the end event.

Formally, we assert

OPoss(end(a,t)) D (8¢)duration (6.18)

t—since(a)

where ( g)fﬁ’;%’c‘;’&) is the formula obtained by simultaneously substituting all
the free occurrences of duration in 05 with (t — since(ﬁ)).

Here, we do not consider start durative constraints, and assume 63 =
TRUE. We shall return to the general case, where start duration constraints
do exist, at the end of Section B3, after we discuss about the inter-temporal
conditional effects.

(EI]) implies that if the (end) duration constraint of any durative action
is violated, then the end event of it is not possible, and thus the whole plan
becomes invalid. In this way, we ensure that the duration constraint is satisfied
in any valid plan.

Now, let us turn to the invariant conditions for durative actions. Here, the
difficulty in protecting the invariants is that they must hold in a continuous
interval, whereas £S can only reason about discrete points in the situations.
One naive solution would be to discretize the interval, and say that the condi-
tion holds at each point in the discretization. However, the happenings within
the duration of the action may be arbitrary, so no matter how we discretize
it, even if we can guarantee that the condition holds at all the points, we do
not know whether some action happens in between, violating the condition.

To overcome this problem, we propose to protect the invariant conditions
by not allowing actions that violates them to happen. The idea is as follows:



6.3 DURATIVE ACTIONS 83

we check, before executing any action a, whether after its execution the in-
o

Aj
the case, the execution of a should be forbidden.

variant condition 7% of some active durative action jj is violated. If this is

As a result, we consider action a possible to happen, only if in the resulting
situation, the invariant condition of all durative actions that are in progress
are satisfied. Formally, the idea can be captured by the following £S sentence:

OPoss(a) D /\R[a,Performing(gj) o %] (6.19)
~ J
Aj

Here, the right-hand side of (GIJ) makes use of the regressed formula of
Per forming(A;) D 7'['%' through action a. The validity of this approach is
J

established from the following fact: We want to ensure Per forming(A;) D

77%_ holds after executing a, which can be expressed with
J

[a] (Per forming(A;) D 7'(‘%')

However, this formula is in [a]. In order to remove the [a] operator and
get a formula that only talks about the current situation, we may resort to
regression, and finally get (GI9I).

With the considerations on duration constraints and invariant conditions
above, we should extend the precondition axiom as shown in the following

E20):

OPoss(a) = time(a) > now A (/\R[a, Performing(gj) D 7'(‘:7']) A (

4;
\/ a=A; NTaV
A
\/ Jt.a = start(jj, t) A ﬁPerforming(Zj) A5V (6.20)
J
A,
— A : A durati
v Jt.a = end(Aj,t) A Per forming(A;) A 771%]_ A (5%3-)1&32?112006?11]-))
Aj

In order to see how our approach above works, let us look at a “light
tunnel” example in Figure B2, and derive the basic action theory from this
PDDL action definition.

In this example, we consider a domain where there are a few tunnels of
different lengths. Each tunnel is equipped with lighting facilities. In order
to go through a tunnel, there must be light in it. This is guaranteed by the
infrared sensor: if someone is entering a dark tunnel, the sensor automatically
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(:durative-action go-thru
:parameters (71 - tunnel)
:duration (= ?duration (/ (length ?1) velocity))
:condition (over all (light 71))
:effects (and (at start (in 71))
(when (at start (not (light? 1)))
(at start (light ?1)))
(at end (not (in 71))))

(:action switch-on
:parameters (71 - tunnel)
:condition (not (light 71))
-effect (light ?1))

(:action switch-off
:parameters (71 - tunnel)
:condition (light 71)
:effect (not (light 71)))

Figure 6.2: Action definitions for a simple light-tunnel problem.

turns on the lights in the tunnel. Apart from that, it is possible to turn
the lights on and off manually, by the two simple actions switch-on and
switch-off, respectively.

Now, let us build the basic action theory for this domain, step by step
from the action specifications.

According to (BI8]), the duration constraint

:duration (= ?duration (/ (length ?71) velocity))

can be guaranteed by inserting the formula

l th(l
t — since(goThru(l)) = %@it(y)

to the precondition of the end event end(goThru(l),t).
Then, to ensure that the invariant condition

(over all (light 71))
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for the durative action goThru(l) is satisfied, we need to ensure the satisfaction

of the condition
Rla, Per forming(goThru(l)) D Light(l)]
which is extended to the following formula

(Elt.a = start(goThru(l), t)V
Per forming(goThru(l)) A —3t.a = end(goThru(l))) D
(Elt.a = switchOn(l,t)V (6.21)
Jt.a = start(goThru(l),t)V
Light(l) A =3t.a = switchOf f(l, t))

For example, suppose a situation where Per forming(goT hru(l))ALight(l)
is true, and let a be the action switchOf f(l), then the evaluation result of
(6210) is false, which intuitively means, when someone is in the middle of a
light tunnel, it is not possible to switch off the light in it. This is exactly what
we desire.

With the considerations above, the precondition axiom for the light tunnel

domain is the formula:
OPoss(a) =

time(a) > nowA

(Elt.a = start(goThru(l),t)V

Per forming (goThru(l)) A

—Jt.a = end(goThru(l))) D

(Elt.a = switchOn(l,t)V
Jt.a = start(goThru(l),t)V (6.22)
Light(l) A =3t.a = switchOf f(l, t))/\

( t.a = switchOn(z,t) A - Light(x)V
It.a = switchOf f(x,t) A Light(z)V
Jt.a = start (goThru(a:) t) A ﬂPerforming(goThru )\/
Jt.a = end(goThru( ), t) A Per forming (goThru( ), )/\

t — since (goThru )) length(x /velocity)

Finally, it is not difficult to obtain the following successor state axioms for
the target fluent predicates. For space reasons, we omit the ones for the rigid
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properties here.

Ofa]In(x) =
Jt.a = start(goThru(z),t)V (6.23)
In(z) A —3t.a = end(goThru(z), t)

Ola|Light(z) =
t.a = switchOn(x,t)V
Jt.a = start(goThru(z),t)V (6.24)
Light(z) A ~3t.a = switchOf f(z,t)

6.3.2 Inter-Temporal Property Reference

In Section B30 we only consider temporally local properties. This includes
the following two restrictions. First, we only allow intra-temporal conditional
effects, and disallow for the end effects with premise annotated with at start
or over all. Second, we do not consider start duration constraints. In this
subsection, we loosen these restrictions, and investigate the more general cases.

Inter-temporal conditional effects

Let us start with inter-temporal conditional effects. So far, we assumed that
for a durative action A;(zj), each effect in e%_ has the form
J

(true,true, ¢5 ;) = ;i
Now, let us consider the general case

(@500 P50 P5.0) = Vi

where ¢7; and ¢7; may be non-trivial formulas. In the following discussion,
we use the ¢; to denote all the free variables in v; ; that are distinct from those
in ;.

Like Fox and Long, to accommodate inter-temporal conditional effects,
we introduce an auxiliary fluent predicate to memorize the “old state”, when
we meet a premise that has a temporal annotation prior to its corresponding
effect.

In the case of a start-end conditional effect of a durative action jj (Pj)s
for each non-trivial premise formula ¢?,;, we define a predicate 5]3-71-(17_3,(]_;).
The value of 533»’2-(]?]-,@) is updated to the truth value of ¢}, whenever the
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start(A;(pj),t) event is activated, and to FALSE after the duration of the
action. Formally, the successor state axiom for & ]"’Z(p_;, q) is

Olal&; (), @) =
Jt.a = start (Zj(p_}% t) N @5V

& (P, @) N3t .a = end(A;(pj),t')

This has the effect that &7

time point when the start event of /Afj (pj) is executed.

(D7, Gi) “memorizes” the truth value of 7, at the

The overall-end conditional effects are a little more subtle to deal with,
since the satisfaction of the premise is not determined by a single state, but
instead according to an interval. Like for the start premise, we introduce
an auxiliary fluent predicate g;,i(p;-,q:-) for each non-trivial overall premise
formula ¢f,. The value of £7,(pj, ;) is determined in a way similar to how
we protected the invariant condition for durative actions described in Sec-
tion Assigned to FALSE initially, the truth value of £7,(pj, ¢i) may be
later changed in two ways. First, when the start event of Xj (pj) is executed,
if ¢7; becomes TRUE immediately afterward, then the value of §;?7i(p_§,q_§) is
assigned to TRUE. Second, if the durative action finishes or an action falsifies
the overall premise, then the value of {;’71-(153,(]_{) is updated to FALSE. This
idea is captured by the following successor state axiom

Olalé5 ;(pj, ai) =
Jt.a = start(gj(p_}), t) A Rla, 5]V

£7:(Pj, @) N —3t".a = end(A; (p}), ') A Rla, ¢5 ]

Then, to decide whether the effect 1;; should take place at the end event
of jj (Pj), we simply test whether &3 ,(pj, ¢i) and &7 ,(pj, ¢i) both have the value
TRUE, apart from considering the end-premise ‘P;Z

In order to illustrate our solution to the problem of inter-temporal condi-
tional effects, we consider, as an example, a variant of the light tunnel problem,
whose action definitions are shown in Figure

In the new version, the infrared sensor “remembers” the state of the lights
before someone enters the tunnel: if the lights are originally on, it remains on
after she exits the tunnel; otherwise, it turns on the light in the beginning,
and turns it off again when she leaves. Besides, there is only one simple action
switch that toggles the light between on and off.

The main focus here is the conditional end effect

(Infrared(l) N —Light(l), true, true) = —Light(l)
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(:durative-action go-thru
:parameters (71 - tunnel)
:duration (= ?duration (/ (length ?1) velocity))
:condition (over all (light 71))
:effects (and (at start (in 71))
(at end (not (in ?71)))
(when (and (at start (infrared ?1))
at start (not (light? 1))))
at start (light 71))
at end (not (light 71))))))

(and

A~ T~~~

(:action switch
:parameters (71 - tunnel)
:effect (and (when (light ?71) (not (light 71)))
(when (not (light 71) (light 71))))

Figure 6.3: The full version of light tunnel problem.

Since the premise is a start condition, we introduce a predicate £ 9oThru, Lig ne(D),
whose successor state axiom is

D[a]gsoThru,Light(l) =
Jt.a = start(goThru(l),t) A Infrared(l) A Light(l)V
EooThru,Light (1) A —3t'.a = end(goThru(l), t')

The successor state axiom for Light(l), then, becomes
Ola]Light(l) =
dt.a = switch(l,t) A = Light(l)V
Jt.a = start(goThru(l),t) A Infrared(l) A =Light(l)V
Light(l) A - (Elt.a = switch(l,t) A Light(1)V
Jt.a = end(goThru(l), t) A 550Thm,ught(l))
Start duration constraints

With the solution to inter-temporal conditional effects presented above, let us
now turn to the duration constraints with at start annotations.
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When Fox and Long defined their semantics for the PDDL, they split the
duration constraint into a start constraint DCZH4, and an end constraint
DpcP

end’
events. This approach is possible, since the duration of an action is specified

and handle them respectively as a precondition of the start and end

explicitly in a plan, and their semantics is offline in nature.

In contrast, in £S, all durative actions are represented by their derived
simple actions, and no duration is represented explicitly in the plan. As a
result, there is no way to access the duration of an action before the end of
it. So it is impossible to directly copy Fox and Long’s approach to check the
satisfaction of the start duration constraint.

To solve this problem, our proposal is to memorize the fluent functional
properties at the beginning of the durative action, and postpone the evaluation
of the formula to the end, when the duration value is also accessible.

Formally, for each functional fluent f;(¢;) that is mentioned in some start
duration constraint 5,8'4} (pj), we introduce a new fluent fj‘ii(p},q_;), which has

the following successor state axiom:
Olalf;,(0}, ) =y =
Jt.a = start(A (P5),t) Ny = fi(@)V
13405, @) = y A —3t.a = start(A;(p;), 1)

Then, the satisfaction of the whole duration constraint may be checked
when the end event is executed by

OPoss(end(A;,t)) D (6% )0, duwration (g yduration (G o5)

313056 t-since(A;) jt=since(4;)

For notational simplicity, we sometimes write (6 5 )f“g?:c"e’z i) to denote the
J
right hand side of (G25]).

6.3.3 Continuous Effects

In the previous two subsections, we demonstrated how to map a PDDL de-
scription with durative actions to the basic action theories in the logic £S,
under the assumption 6?4} = () for all durative actions gj. This is the subset
with only discretized durative actions. Now, let us consider the mapping with
continuous durative actions, where e > F (), for some durative actions A
According to Section 232 the normal form of €< I, is a set of structures

in (op, P,Q). So, we shall discuss how to map the effects of this form to the
continuous extensions of the logic £S as described in Section

Remember that in the logic £S (as well as the situation calculus), all the
changes of the states occur at the happening points of actions. Although for
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continuous changing quantities, the value varies from time to time within a
situation, the pattern of its change is already determined at the start of the
situation. This fact suggests that continuous effects may be modeled at the
points where the start and end events occur as well.

As a result, our proposal is to add an ((op) -linear(0, @, t)) component to
fr(2}) at the start and subtract the same component at the end of the durative
action ﬁj whose “overall effect” 6?47]- contains the effect (op, fr(2%), Q). Here,
(op) is positive (+) when the effect is an increase and negative (—) when it
is a decrease; t is the time when the start (respectively, end) event happens.

For example, suppose that the overall effect of a durative action fly(p) is

(decrease (fuel-level 7p) (* #t (consume-rate 7p)))

which has the normal form
(—, fuel_level(p), consume_rate(p))

then we have the following update conditions:

’Y;uel_level(p),flys (p) =
y = fuel level(p) + (—1) - linear(0, consume_rate(p), t)

’y;uel_level(p),fly‘i (p)
y = fuel_level(p) — (—1) - linear(0, consume_rate(p), t)

As a result, the successor state axiom for the numerical fluent fuel level(p) is

Ola] fuel level(p) =y =

Jt.a = start(fly D), t)A

y = fuel level(p) — linear (0, consume_rate(p), t)V
Jt.a = end(fly(p),t)A
y = fuel_level(p) + linear (0, consume_rate(p), t)V

fuel level(p) =y A — (Elt.a = start(fly(p), t) V dt.a = end(fly(p), t))

So far, it does not seem difficult to translate the continuous effect descrip-
tion in PDDL description to the logic £S. However, if we think about the
invariant constraints, we will find that it is not trivial to protect them in the
presence of continuous effects.

Remember that in the discretized case, we protect the invariant constraints
of durative actions by not allowing actions that violate the constraints to
occur. The validity of this approach is based on the assumption that the only
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way to change the truth value of a formula is by the execution of an action.
However, this is not true when we compare continuously changing numerical
values. Suppose, for instance, a durative action A requires z < 10 as an
invariant, but due to a continuous effect of an executing durative action é,
x is linearly increasing from 5 at a rate of 1. So, five time units later, the
invariant of A is violated, yet no action happens at this time point! As a
result, it seems that we need a stronger mechanism to protect the invariants
from being violated by continuous numerical changes.

Our proposal here is to schedule a force stop at the time point where any
invariant condition is predicted to get violated. Since the semantics of PDDL,
as defined by Fox and Long, requires the invariant condition to hold in the
open interval of the duration, ending the durative action on the first spot of a
violation ensures that all the conditions hold at least before this time point.
In this way, we argue, the invariant condition will be protected.

Technically, this idea is implemented with coercive actions as discussed in
Section To be specific, we add the following obligatory condition to each
end event:

Obli(end(A,t)) C Performing(A) A —Eval[r%, 1] (6.26)

which means, whenever the invariant condition 71'% does not hold, the action

A is forced to stop.

To see how this helps protect the invariant conditions with continuous
fluents, suppose = = linear(5,1,0) and the condition of an active durative
action A requires x < 10 as an invariant condition. In this case, we have
Obli(end(A,5)), and therefore A cannot keep running after time 5 to get its
invariant condition violated.

It gets even more interesting if we change the invariant of A from z < 10
to z < 10. In this case, we do not have Obli(end(A,5)) any more, since
eval(z,5) = 10 and still satisfies 77%. Nevertheless, we argue that the end

event have to occur at latest at time 5. The reason is that Obli(end(A,t))
holds for all ¢ > 5. If any action C' wants to happen at time ¢t > 5, there
always exists 5 < t' < ¢ satisfying Obli(end(A, t)), and thus the happening of
C without end(A,t') is not executable. Moreover, even end(A, t') itself is not
possible, since there is another 0 < ¢ < ¢ such that Obli(end(A,t")), and so
on. So this forces an end(ﬁ, t) event to happen at some time where t < 5.

It can be seen, now, that our mechanism successfully protects the invariant
condition in the presence of continuous changing effects. One may further ask,
whether we can solely use (E28]) for the protection of the invariant conditions,

and abandon the idea of protecting them with disallowing possibly violating
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actions. Unfortunately, we cannot. The reason is that for condition changes
in the discretized case, all the changes are made by some actions or events.
That means, an action must have occurred and violated an invariant condi-
tion, before the Obli(---) gets activated. Although the end events happens
immediately afterward, or in fact, they happen simultaneously in concept,
there is a situation with duration 0 where the invariant condition is violated.
As a result, the mechanism in (E20]) fails in the case of discretized effects.
So, the conclusion is that (E19) and (G26) together protects the invariant
constraints in the presence of both the discrete and continuous effects.

6.4 Timed Initial Literals

In PppL 2.2, Edelkamp and Hoffmann introduced the concept of timed ini-
tial literals, in order to model simple deterministic exogenous events, such as
the time window in which a shop is open [EH0O4]. In this section, we shall
concentrate on how they can be mapped to the basic action theory in £S.

The use of timed initial literal is to specify the truth value of a predicate
atom, not in the initial situation, but at a certain time point in the future
(later than time 0). In £S, the domain evolves in a way defined in the basic
action theories, and it is not a standard method to change the truth value of
any formula directly with an external “command”.

To solve this problem, we resort to coercive actions, which is defined in
Section B0l since it was introduced to £S as a standard way to model prede-
termined exogenous events.

In order to make use of coercive actions, we need to introduce a new
action Ay .y that is unique to any existing action symbol in the domain, for
each timed initial literal (¢,¢). Both the precondition and the obligatory
condition of Ay ) is that the time is exactly the same as specified in the
PDDL description, formally,

DPOSS(A(tm) = time(A(@@) =
OObli(Ay,p)) = time(Agy py) =

(6.27)
(6.28)

Furthermore, the only effect of A .y is to change the truth value of ¢ to T'rue.
As an example, suppose that we have the timed initial literals

(:init
(at 9 (shop-open))
(at 20 (not (shop-open)))

)
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Then, we introduce two actions open_shop and close_shop, with the following
axioms for them:
OPoss(open_shop(t)) =t =9
OPoss(close_shop(t)) =t = 2
OObli(open_shop(t))
OObli(close_shop(t)) =
O[a]ShopOpen =
Jt.a = open_shop(t)V
ShopOpen N\ —3t.a = close_shop(t)

With the help of these two actions, it is guaranteed that the shop gets open at

time 9, and becomes closed at time 20, and therefore the timed initial literals
are realized.






Chapter 7

Correctness

In Chapter Bl we built a semantic mapping between the PDDL problem de-
scription and the basic action theories in the logic £S. Now, we shall prove
the correctness of this mapping. We do so in an incremental way, starting
from the result of the ADL subset obtained by Claflen et al. [CELNQT7]. Ex-
tending their result, we first reconsider the meaning of a state in the presence
of numerical and temporal properties (Section [[J]). Then we justify, in turn,
our treatments of the numerics (Section [LZ), durative actions (Section [Z3])
and timed initial literals (Section [ZZ).

7.1 The Interpretation of the State

In the ADL subset of PDDL, a state is characterized solely by the truth values of
logical atoms. With the introduction of numerical functional fluents, however,
a state is determined not only by such a logical state, but also by the values of
fluent functions. As a result, we need to extend the interpretation of a state
with functional properties.

Definition 7.1. A state I is a tuple (Ip,Iy), where Ip is the logical state
description, comprised of a finite set of ground atomic predicates that are
true in the state, and Iy is the functional state description, comprised of a
finite set of formulas with the form f(0) = r, where f(0) is a ground function
term and r is a ground term in the domain.

Notice that for simplicity, we only consider the closed-world case here,
since open-world planning is rarely used in practice (Fox and Long’s PDDL 2.1
even does not consider the open-world case) and including it may cause subtle
problems in our discussion.

Remember that in Fox and Long’s formalism, a state is represented by a
triple in (R, P(Atms 1),Rcfm>, where the first component is the time of the

95
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state, the second is the logical state and the third is the mapping from the
primitive numerical expressions to their values. Although their definition
seems distinct from ours, we argue that the two are indeed equivalent. To
see why, remember that we use the term now to represent the time of the
current situation in £S, which is similar to the first component in Fox and
Long’s definition, but is actually a 0-ary functional fluent and thus belongs to
Iy according to our definition.

Besides, instead of considering Iy as a mapping from functional terms to
their corresponding values, we choose to represent them as a set of formulas.
It is easy to see that, under the consistency condition that at most one formula
exists to assert the value of a ground functional term, the two interpretations
are equivalent. However, with ours, the axiomatizations of the logical state
and the functional state become similar.

Now, let us consider the mapping between a PDDL state and its corre-
sponding initial theory. For all the predicates and functions in the PDDL
domain, there are counterparts in the basic action theory. However, the re-
verse is not true: there are additional predicates and functions in the basic
action theories, yet they do not appear in the PDDL domain. These properties

include, for example, now, Per forming(a), £j7i(p_3,q_§), 13:(pj,¢), and so on.

Jst
To differentiate between these two groups of properties, we have the following

definition.

Definition 7.2. A target property is a property that is defined in the problem
domain definition; an auxiliary property is a (process-related) property that
is not mentioned in the domain definition but defined in the basic action
theory. The set of target properties is denoted by I I(DT) and IJ(cT) (respectively
for predicates and functions), and the set of auxiliary properties is denoted by
1Y and 11Y.
P f

For example, in the vehicle domain, At(x,y) and fuel level(z) are target
properties, whereas Per forming(a), since(a) and now are auxiliary ones.

To build a direct correspondence between the PDDL state and the initial
theory, we map the auxiliary properties in the basic action theory to the PDDL

domain, which determine the so-called meta-state of a state.
Definition 7.3. A meta-state in a PDDL domain, characterized by (I},A), I](cA)>,
is an extended state description that determines the process-related properties

of a state, including
e the time of the state;

e whether each durative action is in progress;
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e since when each durative action is in progress;

e the value of fluent functions used in the duration constraint at the start
of a durative action;

e the truth value of premise formula for conditional effects at the start
and during a durative action;

e the changing rate of continuous fluents.

Recall that the need for defining the auxiliary properties in the basic action
theory comes from the limitation of the logic £S (as well as the situation
calculus) that only non-durative actions can be directly represented in it. They
are proposed to model the process-related properties. Since the meta-state is
obtained from the auxiliary properties that are directly mapped from the basic
action theory, they should correctly model the evolution of the processes as
well. Theorem [C4] proves this correctness.

Theorem 7.4. Suppose we have a plan P, containing m happenings of simple
actions and n happenings of durative actions:

P = {(tl /}11(_1)), ,(thAm(O;;l))}U
{(31 : Al(p_i)[dl])a B (Sn : An(p_;l)[dn])}

Then, for a state after some happening at time t, the auxiliary properties
determining its meta-state satisfy:

e now has the same value as t;

e Performing (ﬁ] (p})) is true if and only if there exists some happening
(s : Aj(p_j)[d]) in plan P, satisfying s <t < s+ d;

e since (Z](pg)) = s if there exists some happening (s : ﬁj (p})[d]) in plan
P, satisfying s <t < s—+d;

° fﬁi(p?,d;) has the value of fi(q;) at time s, if fi(q;) appears in the start
duration constraint of jj (pj) and the happening (s : ﬁj (pj)[d]) is in P,
satisfying s <t < s—+d;

o [If gojz appears in the premise of a start-end effect in /Nlj(p_j), and the
happening (s : jj (pj)[d]) is in P, satisfying s <t < s+d, then 5;2-(19_3, q)
is true iff @5 is true at time s, where q; are all the free variables in the

effect formula that do not appear in pj;
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o If ¢}, appears in the premise of an overall-end effect in jj (pj), and the
happening (s : g](pZ)[d]) is in P, satisfying s <1 < s+d, then &; ,(pj, Gi)
is true iff for all happening time t' where s < t' <t, @7, is true at time

t';

o The changing rate of the functional fluent f; is determined by

rate(fi(q_;)) =
( > Qm’) - < > Qm’)
(5:4;(p;)[d])ePAs<t<s+d (s:4;(p;)[d))e PAs<t<s+d
<+,fi(q_§)7Qj,i>€6%j <—,fi(Q7)7Qj,i>€E%j

Proof. These conclusions are obvious from the construction of the successor
state axioms discussed in Chapter ]

Theorem [[4] establishes the correspondence between the auxiliary proper-
ties in the basic action theory and the process-related properties in the PDDL
state with respect to the specific plan. When we later talk about the cor-
rectness of the mapping of durative actions, we shall mainly concentrate on
proving the equivalence between the standard definition with meta-theoretical
structures by Fox and Long and ours with meta-states. But before that, let us
first hook the semantics of the non-durative subset, i.e. the subset of PDDL
with the requirements :adl and :fluent.

7.2 The Non-Durative Subset

In Section T2, we have introduced the conclusion by Clalen et al. that
their declarative semantics for the ADL subset of PDDL is correct. They
proved this conclusion by relating the state updates through PDDL action
operators to first-order progression in £S. As mentioned above, their result
covers purely logical properties in Ip. With the introduction of fluent functions
in Section B2, a state is also characterized by the function values in Iy. So
we shall extend their correctness proof to incorporate the functional fluents.
The basic idea of the proof is very similar. In the first step, we simply show
that, for a basic action theory that is a translation from a PDDL problem de-
scription, there exists a correspondence between the relational and functional
updates in the state-transitional semantics and first-order progression in £S.
However, this is not enough, since PDDL plans, in general, allow concurrent
happening of actions in them. As a result, we need to show that even with
concurrent happenings, our semantics is equivalent to the standard one. This
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is done by further showing that the two semantics share the same set of valid
plans.

First, in the following Lemma and Corollary [0, we formalize some
simple consequences of the way we construct our basic action theory from the
PDDL description. They form an extension to Lemma in the ADL subset
with function symbols.

Lemma 7.5. Let I be a PDDL state and ¥¢ be the initial theory obtained from
I by the construction in Section [EZ1l. Futher, let 0 be object parameters for
the fluent ¢; (standing for either a fluent predicate F; or a fluent function
fj), and let o be a precondition formula®. Then

1. Xo(I) A 74,(0) is satisfiable iff & are of the correct types for ¢; in the
PpoDL state I.

2. ¥o(I) U Zpum E a iff a is satisfied in the PDDL state I.

Proof. 2 The first thing to notice is that the translation result ¥ (and thus
the complete ¥) is satisfiable iff the original PDDL problem is consistent.? In
the following we will however always assume a consistent PDDL description
and therefore a satisfiable Y.

Next, we will also use the property that the set of all sentences of the form
(), EI0) and (EII) in X, is equivalent to a finite set of sentences of the
form (BEI0), including one for the Object type. This can easily be seen by the
fact that we assumed type definitions to be non-circular; thus we can always
“flatten” sentences (B.8)) and (EI1) by recursively substituting all 7;(x) in their
right-hand side by the right-hand side of (&8) or (EI0) of 7;. Equivalently,
we assume that the PDDL problem description explicitly assigns each object
to all the types it belongs to, without making the “detour” of defining the
supertypes by means of “either” statements.

1. To show: X A 74.(0) is satisfiable iff the 0" are of the correct types for
¢; in the PDDL problem. (¢; here stands either for a function f; or for
a predicate F}.)

The “only if” direction:

L Recall that in Section E23, we defined precondition formula as a first-order formula
constructed with only typing, predicate, function and typed object symbols.

2 The proof of this lemma, as well as those for Corollary L8 and Theorem [Z77, is adapted
from the unpublished proofs of [CELN(7|, with minor extensions for functional fluents.

3 In closed worlds, inconsistencies can only appear when the tuples in (62) or (@I8]) do
not comply with the type restrictions and definitions in (E8)-E11), E12).
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Let w = 3o A 74, (0) and let 7, (0;) be one of the conjuncts in 74,(0). By
assumption, there is some sentence 7;,(z) = (x = 0j, V---Va = Ojki)
in o such that w |= 7;,(z) = (x = 05, V--- V& = 0j, ). Since also
w = 7j,(0;), it must hold that o; is one of 0j,, - - ;05 - Therefore, o; is
of type 7j, according to the PDDL problem.

The “if” direction:

Let 0'be of the correct types for ¢; according to the PDDL problem. Since
Yo is satisfiable, there is some world w with w |= X. Let 7, be the type
for the i-th argument of ¢; and 7, (0;) the respective conjunct in 74.(0).
By assumption, there is some sentence 7j,(z) = (x =05, V---Va = Ojki)
in X such that w |= 7;,(z) = (z = 0, V--- Vo = 0j, ) and o; is one
of the oj,,--- ; O, defined to be of type 7, in the PDDL problem. But
then w = 7;,(0;).

. To show: Xo(I) U Xpum = aiff I =pppr, o, the proof is by induction

on the structure of «a.

e o = (01 = 09) for objects 01 and 09:

2o U Xnum ): (01 = 02)
iff (by definition)
for all worlds w with w = Xg U Xpum, w E (01 = 02)

iff (due to the following two facts: ¥ is satisfiable, and so is ¥y U
Yinum, by definition, there is at least one such world; besides, the
truth value of equations between ground terms is independent of
the interpreting world)

01 and o9 are identical constants

iff (unique names assumption in PDDL)
I Epppr (01 = 02)

e a = (e; ® e2) where e; are numerical expressions and ® € {=, <}:
First, notice that only numbers and primitive functions may ap-
pear as terms in e;. In PDDL, this is guaranteed by the standard
semantics; in Yo, this is ensured by the typing of domain elements.
So, suppose f1(qi), - , fm(gm) are all function terms in e;. Then,
for any number ¢;,

Yo = fild) =t

4 We use the notation I Eprppr « to mean that « is satisfied in the PDDL state I.
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iff (since ¥y = (614))
Eo’:(q_fzo_iAtl:7'1\/"'\/(]720%/\@:7"1%)

iff (since X is satisfiable and equality between ground terms is
world-independent)

F(@=0Nti=r1V--- Vg =o Nty =ry)
iff
<q_i7tl> is one of <O_i,T1>, Ty <02j7rkj>
iff (by construction)
(fil@) =t) € Iy
iff
I =pppr (fi(d@) =t)

Meanwhile, for any numerical formulas e} and e}, where €} is con-
structed with only symbols on numbers, + and x*,

Youm [ €] ® b
iff
¢} ® €}, holds in mathematics
iff
I =pppr €] ® €
As a result, with the additional fact that ¢ U X, is satisfiable,

S0 U Shum E 61{11([“) ® 621]5?([11)

iff (combining the above two conclusions)
g E— 61,{;(%) ® 62{;((11)
And finally, ¥o U Xnum ): e1 ®eqg iff 1 ):PDDL e1 ® eq.
o = Fj (5)
Yo UXnum = Fj(0)
iff (since Xp = @X) and X U Xy, is satisfiable)

YoUXpum E(0=01V---Vd=ox,)
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iff (since XoUX ., is satisfiable and truth value of equality between
ground term is world independent)

F(@=01V---Vd=o,)
iff
0'is one of 01,--- ,0f,
iff (by construction)
FJ(5) elp
iff
I Epppr Fj(0)
e The cases ¢ = ¢1 A ¢9 and ¢ = ¢ follow directly by induction
e ¢ =Vzx:T7.p1, with z being the only free variable in ¢1:
YoUXhum EVE: 1.1
iff (by definition)
Yo UZpum EVe.7(z) D ¢1()
iff (by the semantics of £S)
YoUXnum E (T(T) D d)l)f for all ground terms r

iff (since Xo = @I0) and X U Xy, is satisfiable)

Zo U Znum /\ (¢1)§j

o; of type 7

iff (by induction)

I =pppL /\ (913,

o; of type T

iff (by the substitutional interpretation of quantification of PDDL)
I =pppr Vo : 7.9

O

Corollary 7.6. Let I be a PDDL state, X be the initial theory obtained from
I by the construction in Section [Z1, & be object parameters for the fluent
¢, and A(p) be a action instance. Then
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1. Ypre UXoUEhum = Poss(A(ﬁ)) if and only if TA(P) is satisfied in I and
P are of correct types.

2. Yo U Xpum E ’y}fy? ?4(*) if and only if F;(0) is asserted in the effect of
d AP
A(p).

3. Yo UXpum E 'ygjfj 214(*) if and only if F;(0) is negated in the effect of
a A@p
A(p).

4. YoUZpum E fy;j? ;1{ il(ﬁ) for some r, if and only if r is the assignment

result for f;(0) as an effect of A(p).

Proof.

1. To show: Xpre UXoUXpum = Poss(A(ﬁ)) iff I =pppr ma(p) and p are
of correct types:

Ypre U0 U Xpum = Poss (A(ﬁ))
iff (by definition)
Epre U Yo U Xnum ): 7'[-?4(5)
iff (by construction)

S B VS bV 3ia= Al ATa)

operators A;
iff

Spre U S0 U Spum = ( \/ 35 7iAG) = AE) /\7rAZ.)

operators A;

iff (by definition)

Spre US0 U = () 3873.(2) A AB) = Ai(2) A (ma,)

operators A;

By
N——

iff (by unique names in £S, only the A-conjunct applies)

Spre U L0 U Snum = 74(0) A (74)5
iff

Spre U L0 U Snum = 74(5) and Spre U So U Spum = (m4)5
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iff (by Lemma [Z0])

P are of the correct types for A according to the PDDL problem
description and I Epppr ma(D)

2. To show: ¥o U Xpum E 'ylffjgi;#) if and only if F};(0) is asserted in the
3 A®p
effect of A(p):

ZO U Enum ': 7;‘]-?;461(5)

iff (by construction)

—

Zja

S0 U Sum = ( \/  3Fa=AE)A %tj,m)a o

%tj,Ai ENF(Ay)

iff

Ty

ZoUBmm bV 35A0) = A4i(E) A0, )5
'\{FJ’A’LENF(AZ)

iff (by unique names in £S, only the A-conjunct applies)
T5 Z;
Yo UXnum ): (VE,A)aj 7

iff (by Lemma [CH)
I'=pppL (Vi A)5 5

iff (by construction)

F;(0) is an effect of A(p)

— Tja

3. To show: Xo U Xpum E v

Fiz ) if and only if F;(0) is negated in the
effect of A(p):

Similar to 21

4. To show: ¥g U Xpum E fy;j? ;1{ il(ﬁ) for some r, if and only if r is the

assignment result for f;(0) as an effect of A(p):

E0 U X num ): 7?1'?5“/%&@

iff (by construction)

;Y a

Yo U Zhum ( \/ Hﬁ-azAi(ﬁ)A7¥j,Ai>5rA(m

73,4, ENF(42)
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iff

- — Az v N Y

Y0 U num = \V 35.A(D) = Ai(5) A (V45 L5
75,4, ENF(A)

iff (by unique names in £S, only the A-conjunct applies)

— —

ZoU Snum E (W, 4)5 v a

iff (by Lemma [Z0]) )
;Y Zi
6’] rp

I'=pppL (75, 4)

iff (by construction)
A(p) assigns to f;(0) the value r.

O

With Corollary [Z6] it is easy to construct the new state I’ that is updated
from I = (Ip,Iy) through action operator A(p). Suppose ¥ = X, UX 00U
is the basic action theory obtained from the PDDL description, and ,,,,, is
the one for axiomatizing numbers. Under the condition ¥, U Xg U Xum =
Poss(A(ﬁ)), we define four sets Addsp, Delsp, Addsy and Delsy, all of which
are initialized to the empty set and expanded with the following procedure:

1. for all objects 0 and all fluent predicates F}; such that Fj;(0) is type-

consistent, if ¥oU X, um = 7; ?j Zl(ﬁ)’ then add F}(0) to the set Addsp;
J

2. for all objects 0 and all fluent predicates F; such that F;(0) is type-

consistent, if o U Xpum F 75 i Z(ﬁ)’ then add F}j(0) to the set Delsp;
J

o

3. for all objects ¢ and all fluent functions f; such that f;(0) is type-
consistent, if for some r, Yo U Xpum E 'y;_ O”:c.j ff Z\(ﬁ)’ then
J

e for any rg # r such that 3y = f;(6) = 9 add f;(0) = 7o to the set
Delsy;

e add f;(0) = r to the set Addsy.
Then the new state description is
I'= (Ip, 1)

where
I}; = (Ip \ DCZSP) U Addsp
I} = (If \ Dele) U Adde
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Here, all the symbols we consider (objects, fluents, operators) are those
that appear in the PDDL problem definition. Since there are only a finite num-
ber of them, the combination is also finite. The fact that we only check type
consistent instances of functions and predicates further restricts the number
of atoms to consider. The only potential problem lies in the numbers that
appear in the construction. One may ask whether the numbers satisfying the
formulas can be found in finite time, since there are countably infinitely many
of them. However, we argue that we do not rely on a substitutional method
for obtaining their values. In fact, numbers only appear in two special forms.
In the case of rg, it is an existential account, so we only need to see whether &
coincides with some 0} in a finite disjunction in (&I6); for r, remember that
in 'y;j, the free variable y always appear at the left-hand side of equations,
so the value r can be efficiently calculated with little computational effort by
evaluating the right-hand side of the equation. So it is guaranteed that the
four sets above are finite, and can always be easily obtained in finite time with
the construction above.

We then have the following theorem, saying that a basic action theory

obtained from the state description I’ is a progression of the original theory
1.

Theorem 7.7. Let I' be the state description obtained from the construction
above applied to a given PDDL problem description and a ground simple action
r = A(p). Further let

Sr = {[rly[¢ € To(I")}

where o(I') means the result of constructing the initial state axiom from I'
instead of I. For all fluent predicates Fy and all fluent functions f; in the
problem description, let the consistency conditions

20 U Z)num ': _‘(7;7‘: A '7};,6)?
and
Yo U Xnum ’: (Va,tl,tg).(’)/;l g,fl VAN ’7% ;32)?" D) (tl = tQ)
hold. Then X, is a progression of X through r.

In order to prove this theorem, we first need the following lemma:

Lemma 7.8. Let w = 3o U Xpum. Then, for any fluent formula ¢ that only
mentions fluent symbols in F \ {Poss}
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Proof. The proof is given by induction on the structure of ¢. Remember that
due to the typing constraints in ¥, parameters to predicates and functions
can only be ground terms of type Object or its subtype.

e w = f;(0) = tiff (3,t) is one of (01,71),---, (0k,,7,;) in (EIA) iff for
every world w’ with w' | X U Xpum,w’ E f](é’) =t.

e w = Fj(0) iff 6'is one of o1,--- , 0, in (@7) iff for every v’ with v’ =
>0 U Xnum, w' ): Fj(ﬁ)

o w = 7;(t) iff (using the “type flattening” properties in the proof of
Lemma [CH) t is one of the oj,,--- ) Ojs, of type 7; in (GI0) iff for every
w with w' = 3o U Xpum, w' E 7:(t).

e the cases for ¢1 A ¢9 and —¢y follows directly by induction.

o w = Vr.¢ iff w = @17 for all ground terms r iff (by induction) ¥ U
Ynum [ @15 for all ground terms r iff for all ground term r and all world
w' with w' | So U Zpum, w' E @17 iff for all w’ with w | 3¢ U Zpum,
w' | Va.¢.

O

Proof of Theorem [7_] To show that ¥, is a progression of ¥ through r, we
need to prove that X, satisfies the three properties of progression defined in
Definition

1. All sentences in 3, are fluent in (r)
Obvious by the construction of 3.

2. S E 5, where £ = Spre U pos U S0 U Sy

e For BR), T F [rlri(z) = (1, (x) V- -+ V Tik, (z)):
follows directly from (B8] and (ES).

e For (m) % ): [ } (:le7“. xjk ) ) (le(*rjl)/\"'/\Tjk (':Ujk ))
let w =Y and w |= [r]F;(1). Then since w = (BH), we have

—

w = (’YF ATE; (T5) V Fj(25) A _"YI;j)j;j

therefore, we need only to consider the following two cases:

(IZ'J

a) w= (’yF N TE (J;])) -
We have 1w = TF, (:1:]) and since w = @), w [= [r]7F; (7]).
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b) w = (Fy (@) A g, 5
w = Fj(z}), so since w = @), w = 75, (25). Similar to the

previous case, we have w = [r]7F; (77)

e For [@IN), X |= [r]ri(2) = (z =0j, V-V =05, ):
follows directly from (B8] and (EI0).

e For 10, ¥ k= [r]Object(z) = (r1(z) V-V 1i(2)):
follows directly from (E6]) and (GITI).

e For (12,

)Y ): [r](fj(xju”‘ 7xjkj) = y) 2
(le () A=A T, (:rjkj) A Number(y)) :

let w =3 and w = [r]f;(0) = t. Then, since w |= (GI3]), we have

w = (’Y}ij A 75 (25) A Number(y) V f;(25) =y A ﬂ,yfj)j;jf

Like the case for fluent predicates, we need to consider the following
two cases:

a) w = ('y;j A 75 (25) A Number(y))?:;fj f:
we have w = 77,(7}) and w = Number(y). Since w = (B8,
w = [r](7F; (€) A Number(y)).

b) wl= (fi(@) =y A=vp)r s
we have w = f;(2}) = y. Since w = BI2), w = (77,(25) A
Number(y)). With a similar argument as above, we get w =
[r] (77, (25) A Number(y)).

e For (G0,

So we have the following two cases:

NN
a) wi= (’Y;‘] /\TFj(xj))r 5'J
which, according to Lemma [8 is equivalent to

YoUZpum E (’y;CJ NTE, (:f]))??

iff (by construction) F;(0) € Addsp iff F;(d) € I
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_ —\aT;
w ): (FJ(.T]) A _V)/Fj)r 5,3
which, again by Lemma [[] is equivalent to

Zj

B0 U Bnum = (F5(75) A ), 5
iff
Yo U Xnum ): F](‘f;) and Yo U Xpym ': (_")’Ej)j?

iff (due to Lemma [0, and ¥ U X, is satisfiable)

Zj
0

F;(0) € I and X9 U Znum ¥ (75,
iff (by construction)

F;(0) € I and Fj(0) & Delsp

Therefore, in both cases, F}(0) € I}, meaning that o is one of

017...

, 0r, in (ZT0).

e For (616,

SEf@)=y=i=0ry=nV
ceeV (7.2)
T = o, N1 = Yy,

Let w = X, then with (EI0), w, (r) = f;(0) =t iff

w k= (), A7, () A Number(y) V f(5) =y A=yy,)0 3

So we have the following two cases:

a)

w = (’y}ij AT (T5) A Number(y))?zf v

ot
which, according to Lemma [8 is equivalent to

8

20U Snum = (7, A 75, (@5) A Number(y)) 5 Y

T t

QL

iff (by construction) (f;(0) =t) € Adds; and for any ¢’ with
t'#t, (f;(0) =) € Delsy

iff (f;(0) =t) € I} and for any other ¢/, (f;(0) =t') ¢ I}

wk (@) =y Ag,), 5

which, again by Lemma [[§ is equivalent to

Z)0 U Z)num ': (f}(.f}) =yA ﬂ"yfj)jfxé’j?i
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iff
Yo U Znum = fj(@) =t and Yo U Xpum (ﬂ'yfj)??

due to Lemma and the fact that Yo U X, is satisfiable,
this is equivalent to

(f;(6) =t) € I and To U Ly B (3y45,° )
iff (by construction)
(f;(0) =t) € I and for any t' (f;(0) =1t') & Addsy U Delsy

Therefore, in both cases, (f;(0) = t) € I, meaning that (0,?) is
one of (01,71), - , {0k, rK,) in ([[C2).

3. For every world w, with w, E 3, U Ypre U Xpost, there exists a world w
with w |= 3, such that

wr[¢(5),r ) U] = w[¢(5),7’ ) U]

—\

for all 0 € Z and primitive ¢(0)

First, similar to Lemma [8, it can be proven that for any fluent formula
¢ in F\ {Poss}, if w, E X, U Xum, then

wy, (1) E o iff X, UXpum E [r]é (7.3)

Now, we construct a world w’ with

° w’[fj 5), <>} =t iff (f](g) = t) S If
e WIF(@), (] = 1if F(0) € Ip)
i w/[Ti(t 7<>

), ()] = 1 iff ¢ is an object of type 7; according to the PDDL
problem description

Then, we let w = (w')y, i.e. w is like w’ in the initial situation, and also
satisfies Xpre U Xpost U Bpum (cf. [LLOT)). Clearly, w = Xpre U Zpost U
Yo U Xpnum, S0 we are only left with the task to show for each primitive

¢
wr, (r) | ¢ iff w, (r) |= ¢ (7.4)

Notice that the general property for all successor situations r - o can be
justified inductively with the fact that both w and w, satisfy -
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o w,(r) = fj(0) =t
iff (due to conclusion in Item B of this theorem) (f;(0) = t) €
I, iff (0,t) is one of (0i,71), -+, (0k,,Tk,) in (CD) in 3, iff &, =
[r] (fj(é') = t) iff (since X, U X, is satisfiable) 3, U Xpum E
[r] (fj(é') = t) iff (according to (IZ3)) w,, (r) = (fj(é') = t)

o w,(r) = Fj(0)
iff (like above) F;(0) € Ip iff 0'is one of 01, -- ,0F, in ([CI) in X,
iff ¥, = [r]F;(0) iff (since ¥, U X, is satisfiable) 3, U Xpum =
[r]F;(0) iff (according to (L3)) w, (r) = F;(0)

o w,(r) = i(0)
iff (using w E [@8) w = 7;(t) iff (using the “type flattening”
property in the proof of Lemma [ZH) o is one of 0j,,- -, Ojs, defined
to be of type 7; iff w, (r) = 7i(0)

e w, (r) = Poss(o)
iff (since w = Ypre) w,(r) | w3 iff (by induction over the con-

struction of 7%, which is a fluent sentence) w,, (r) = 72 iff (using

Wy = Xpre) Wy, (1) = Poss(0).
U

Theorem [[7] establishes the correctness of a single-step update to the ini-
tial state. An important fact is that the new state description I’ has the same
form as the original state I, so this theorem can be applied repeatedly through
a sequence of actions in a plan, in order to prove that the two semantics share
the same set of valid plans.

To proceed with the proof, we first need the following lemma, which ensures
that when drawing conclusion about the future with a progressed theory, the
common history may be neglected.

Lemma 7.9. For fluent formulas ¢ and v, ¢ = 1 if and only if for any action
sequence 1, -+ T, [T1] -+ [ra]@ = [r1] -+ [ra]eb.
Proof. The “only if” direction:

Suppose ¢ = 1, let w be a world satisfying w = [r1]---[rn]¢, and let

= (r1 ).
We construct a new world w’ satisfying

@, = 1@
{w'[P(ﬁ),O] = w[P(), 2] (7.5)

where 77 is a vector of ground terms, f is any function symbol and P is any
predicate symbol in the domain. Then, for any fluent formula «, by induction
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on its structure, we have,
w'[a, ()] = wla, 2] (7.6)

Specifically w’'[¢, ()] = w[e, 2], so w’ = ¢. Since ¢ = 1, it immediately follows
w' = 1. According to (ZH), w[y, z] = w'[Y, ()]. So w = [r1] - [ra].
As aresult, [r1] - [rp]o E [r1] - - [ra]?.

The “if” direction:

Suppose [r1]---[rp]¢ = [r1] - -+ [rn]t, let W' be a world satisfying w’ |= ¢,
and let z = (rq, -+ , ).
We construct a new world w satisfying (IZHl). Then the conclusion follows
in the similar manner as in the “only if” direction.
O

Then, we define how a PDDL plan is mapped into an action sequence in
the logic £S.

Definition 7.10 (Grounded serialized plan for simple actions). Let P be a
plan, consisting of a finite list of happenings of simple actions.

(tl : Al(ﬁl))a Tty (tn : An(ﬁn))

Without loss of generality, we assume t; < --- < ¢,. Then, the grounded
serialized plan of P, denoted by [P], is the syntactic structure®

[Al (ﬁl’ tl)] e [An(ﬁn, tn)]

The grounded serialized plan, according to Definition [.T0] is a transformed
PDDL plan in the £S notation. Generally speaking, it is possible to have
t; = ti+1, because the actions A;(p;) and A;4+1(pi11) may happen concurrently
at time ¢;. In this case, the PDDL plan may have more than one serialization,
since the grounded serialized plan may put [A;(p;,t;)] either before or after
[Air1 (Pt tiv)]-

When proving the correctness of our semantics, we show that the two
formalisms always share the same set of valid plans. We do so in two steps:
first, we look at the simpler case where no concurrency exists in the plan, and
then consider the more complex one where it does exist.

®Notice that [P] is not a well-formed formula, but only a sequence of bracket-surrounded
action terms.
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Lemma 7.11. Given a PDDL problem description where A=10 and TI = 0,
a plan P, without concurrent happening, is valid if and only if

Y E [P](Ezecutable A o(G))

Here, ¥ = Xpc U Zpost U X U Xpum U Xegee, 9(G) is the transformation
of the goal specification into a £S formula, and [P](Ezecutable A ¢(G)) de-
notes the formula obtained by syntactically concatenating [P] and the formula
(Ezecutable A o(G)).

Proof. Suppose that (t1 : Al(p_i)), e (tn : An(p_{l)) are all the action happen-
ings in P listed in temporal sequence. Since there is no concurrent happening,
we have t] < --- < t,, and [P] has the form [A1(p1,t1)] - [An(Pn tn)]-

The “only if” direction: If the plan is valid, then there is a sequence
of states Iy, Iy, - ,I,, where I is the initial state, (ti : Al(p:)) is possible in
I; 1, resulting in state I;, and G is satisfied in state I,,.

Since (t1 : Al(p“i)) is possible in Iy, according to Corollary [Z8l, we have

Y = Poss (Al(p“i, tl))

S0
Y = [A1(p1, t1)|Executable (7.7)

Meanwhile, according to Theorem [,

Y E [A(pi, t1)]Zo (1) (7.8)

Thus [A1(p1,1)]X0(11) is the progression of ¥o(ly) through A;(pi,t1). The
derivation in (7)) and (ZF)) can be repeated n times, and by induction, we
get

Y E[A1(p1,t1)] - - [An(Dn, tn)| Executable

and
)Y ): [Al(p_i7 tl)] T [An(p_;h tn)]EO(In)

Since G is satisfied in I,,, due to Lemma [LH, ¥o(1,) U Xpum FE ©(G),
applying Lemma [C9 we get

S (A1) [An (G ta)) (Baccutable A o(G))
The “if” direction: suppose that we have

S E [P](Ezecutable A o(G)) (7.9)
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From the axiom 4., we get, for k=1,--- | n,
Y [A1(p1,b)] - - [Ak(Pk, t)| Executable

With repeated application of Corollary [Z8l, it can be shown that the PDDL
plan P is executable, so we define a sequence of states Iy, Iy, - , I, where I
is the initial state, I; is the state resulting from executing (ti c A (]TZ)) inI;_q,
foreachi=1,--- ,n.

According to Theorem [C7 [A;1(p1,t1)]X0(I1) is the progression of ¥ (Ip)
through action A;(pi,t1), and by induction, we can show that [P]Xo(1,) is
the progression of ¥¢(ly) through [P]. Lemma suggests that this fact,
together with (IZ9)), implies

Yo(In) U Znum E ¢(G)

from which Lemma tells us that G is satisfied in I,,.
Thus, P is an executable plan leading to a state that satisfies the goal G.
By definition, P is valid. U

Now, let us turn to the concurrent happening of actions. According to the
semantics definition by Fox and Long, two actions may happen concurrently
only if they are non-interfering. The following definition of non-interfering
and mutex actions are taken from Definition 12 in [EL03], with a minor mod-

ification.f

Definition 7.12 (Mutex actions). Two ground actions, a and b are non-
interfering if

GPre, N (Addy U Dely) =GPre, N (Add, U Dely) = 0
Add, N Dely, =Addy, N Del, =0
LoNRy=R,NL,=10
LoNLyCL:UL

If two actions are not non-interfering, they are mutez.

Here, GPre, is the set of ground relational atoms that appear in the
precondition formula of z, or in the invariant condition of the durative action
if z is a start or end event of it. Add, and Del, are the sets of ground relational

5 Compared with the original definition, we add in Definition [ZT2 the additional condi-
tion that for two actions to be non-interfering, if either of them is the start or end event of a
durative action, then the other may not influence any predicate or function in its invariant
condition. This condition is necessary for later serializing plans with durative actions. A
detailed discussion about this issue is postponed to Chapter B
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atoms that are asserted as positive and negative literals in the effect of z
respectively. L, is the set of ground functional atoms that appear in the left
hand side of assignment effects of z. R, is the set of ground functional atoms
that appear in the right hand side of assignment effects, or appear in the
precondition of action z, or in the invariant condition of the durative action
if z is the start or end event of it. L% denotes the set of ground functional
atoms that appear in the left hand side of an additive assignment effect of z.

Notice that this condition for concurrent execution of simple actions is
conservative, in that some intuitively possible cases may be ruled out. For
example, consider the two actions a and b with the following definitions

(:action a
:precondition (or P Q)
-effect (R))

(:action b
:precondition (P)
:effect (not P))

In a state where P and @) are both true, the intuition may suppose that a and
b may happen concurrently, but according to Definition [ZT2 they are actually
mutex. The reason that Fox and Long proposed this strong condition for non-
interfering actions is to make it easily tractable to check whether two actions
are mutex. The interesting thing is that this condition also guarantees that
concurrent happening of simple actions are serialization safe.

Definition 7.13 (Serialization safe). For a state I and a happening H of two
actions a and b, let I’ be the state resulting from concurrently executing a
and b in I, I" be the state resulting from first executing a then executing b in
I, I" be the state resulting from first executing b then executing a in I. We
say that H is serialization safe in I if I', I” and I" are the same state. A
happening with more than two actions is serialization safe, if the concurrent
happening of any two actions in it is serialization safe.

Lemma 7.14. If a and b are non-interfering actions, then the concurrent
happening of them is serialization safe.

Proof. Suppose that a and b are to be executed in state I.

o FExecutability
The concurrent happening of a and b is executable in I, iff the precon-
dition Pre, A Prey is satisfied in I, iff both Pre, and Pre, are satisfied
in [I.
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Suppose I* is the state obtained by executing a in I. Since a and b are
non-interfering, we have

GPre, N (Add, U Del,) =0
L,NRy, = 0

So, Prey is true in I* iff it is true in I. Therefore the concurrent hap-
pening of a and b is executable in I, iff it is possible to first execute a
and then b in I.

Similarly, we can get that the concurrent happening of a and b is exe-
cutable in I, iff it is possible to first execute b and then a in 1.

Effects
For the logical state, if a and b are executed concurrently, then

Addy, = Add, U Addy,
Del,, = Del, U Dely,

Since
Add, N Dely, = Addy, N Del, =0

we have
Ijp = (Ip \ Dely,) U Addg,
= (Ip\ (Dely U Dely) U (Add, U Addy))
((Ip\ Dely) U Add,) \ Dely ) U Add,
(IP \ Dely) U Add,

where I7, is the logical state obtained by executing a in I. Similarly, we
can obtain Ip = I}.

For the numerical state, if @ and b are executed concurrently, since
LaﬂRb:LbﬂRa:@

the primary numerical expressions in Lj \ L, are only influenced by b
and not by a; similarly, those in L, \ L; are only influenced by a and not
by b. So the effects on them can be safely serialized. For L, N Ly, since

LoNL,CL:UL;

they are always additive assignments, and can thus also be serialized
without changing the final value of the update.
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O

In the following discussion, when we talk about a plan, we always assume
that actions that happen concurrently in the plan are non-interfering, and
thus the plan is always serialization safe. This assumption is a reasonable
one, since plans with concurrent mutex actions are invalid anyway.

Theorem 7.15. Given a PDDL problem description where A=0 and TI = 0,
a plan P, with no concurrent happening of mutex actions, is valid if and only
if

Y | [P](Ezecutable A o(G))
for some [P].

Proof. The case where no concurrent happening exists in P has been justified
in Lemma [ZTT1

Otherwise, since all concurrent actions in P are non-interfering, according
to Lemma [LT4l P is serialization safe. So P is valid iff a serialized plan of
P is valid. Thus the problem is reduced to the non-concurrent case, and the
conclusion is justified by Lemma [Tl O

7.3 Durative Actions

The introduction of durative actions complicates the semantics of PDDL, since
an action may no longer be considered as an instant state-changing operator,
but instead as a process that spans over an interval of time. Furthermore,
there may be constraints and conditional effects over the interval.

When formalizing the semantics, Fox and Long transformed durative ac-
tions into ground simple actions, and based the definition upon the non-
durative subset. This basic idea is somewhat similar to ours here, in that
we also represent a durative action with two simple actions — the start and
the end events of it.

However, there are intrinsic differences between the two approaches. The
definition given by Fox and Long is offline and meta-theoretic in nature. In
particular, they transform both the problem definition and the plan into a
simple form, and reason about the validity with this form. For example,
they split an action with a conditional effect into two simple actions without
conditional effects; they transform the happening of a durative action into a
sequence of (variably many) happenings of simple actions to guarantee that all
the preconditions are satisfied and all the effects are realized. Unfortunately,
those transformations are hardly axiomatizable.
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In contrast, our definition is declarative, in the sense that we define, for
each syntactical construct, what it means in terms of logic. As mentioned
above, due to the limitation of £S, we may only use simple actions, and resort
to the auxiliary properties to describe the process-related properties in the
domain. So to prove the correctness of our definition, it is necessary to show
that our definition is equivalent to the standard semantics given by Fox and
Long. This is done, again, by showing that the two formalisms share the
same set of valid plans. This subsection is devoted to the proof for the subset
concerning durative actions.

First, let us extend the definition of grounded serialized plan in Defini-
tion to incorporate durative actions.

Definition 7.16 (Grounded serialized plan with durative actions). Let P be
a plan, possibly with happenings of durative actions. Further let P’ be the
derived plan from P with only happenings of simple actions as

P :{(ti A | (s Ai(p) € p}u
{(t: B00), (6 + d) = K2() | (6 Al [d) € P

Then the grounded serialized plan of P, denoted by [P], is exactly [P'], the
grounded serialized plan of P’.

Intuitively, the grounded serialized plan is just a sequence of bracket-
surrounded simple actions written in temporally non-descending order. Each
action in the serialized plan corresponds either to a happening of a simple
action or to the happening of a start/end event of a durative action in the
PpDL plan.

With Definition [LT0, we are able to translate arbitrary PDDL plan into
the £S notation. In order to proceed to build the equivalence between our
semantics and the standard one, let us now have a review how the validity of
plans with durative actions are defined by Fox and Long:

Consider a durative action DA without continuous effects and
without conditional effects.

The duration field can be separated into DCLZ, and DC’S;&‘,
the duration constraint for the start and end of DA, with terms
being arithmetic expressions and ?duration. The separation is
conducted in the obvious way, placing at start conditions into

DCPA, and at end conditions into DC'P4

start end "
The durative action DA defines three simple actions, DA,
DAgng and DAjpy. DAgpare (respectively DAg,q) has the pre-
condition equal to the conjunction of all the proposition p, such
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that at start p (at end p) is a condition of DA, together with
the duration constraint DCEA, (D C’md) The effect equals to the
conjunction of all simple effects e, such that at start e (at end
e) is an effect of DA. D A;,, has the precondition equal to the con-
junction of all propositions p, such that over all pis a condition
of DA, and it has an empty effect.

For a plan P, which is a finite collection of timed actions, each
either of the form (¢,a) for simple actions or of the form (¢, alt’])
for durative actions, the following procedure is used to generate
Simplify(P), the induced simple plan of P:

1. Find the happening sequence, the ordered sequence of time
points from the set of times

{t|(t,a) € PV (t,alt']) € PV (t —t',alt'] € P}

2. The induced simple plan simpli fy(P) includes the set of pairs
defined as follows:

a) (t,a) for each happening of simple action (t,a) € P;

b) (t,astart) and (t+1t', aenq) for each happening of durative
action (t,alt']) € P;

c) ((t +tiy1)/2 amv) for each happening of durative action
(t,a[t']) € P and for each i such that t < t; < t+t' where
t; and t;41 are in the happening sequence of P.

Then, a plan, P, is executable if Simplify(P) is executable, and
P is walid if it is executable and the goal is satisfied in the final
state produced by Simplify(P).

Notice that if we disallow for both invariant constraints and duration con-
straints, then, for any durative action A the induced simple plan does not
contain Amv, and the preconditions for A’s start and end events do not men-
tion DCZ4 . or DC . In this case the grounded serialized plan can be con-
sidered as a direct Syntactical transformation from the induced simple plan,
so we have the following simple proposition in Lemma [[.T7

Lemma 7.17. In a domain D = (T,F,f, 0, <Ql,§l>,I,TI, G), if TI =0 and
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for each durative action ﬁj € ﬁl, the following conditions are satisfied

;

0% =true
J
0% =true
J
w%j = true (7.10)
o —
€% =
e e e
€% has the form (true,true, o5 ;) = ¥,

J

then a plan P, with no concurrent happening of mutex actions, is valid if and
only if
S | [P](Ezecutable A ¢(G))

for some [P]

Proof. According to Fox and Long, P is a valid plan if and only if the induced
simple plan of P is executable and the goal is satisfied after executing this plan.
Notice that under the conditions in ([ZI0), the induced simple plan is exactly
the same as [P], (except for the syntactical differences.) So the executablilty
and validity of the plan is reduced to the non-durative case. According to
Theorem [TH, the lemma is proved. O

Lemma [T  says that if all the durative actions in the domain mention no
duration constraint, invariant condition, inter-temporal effect or continuous
effect, and the domain does not have timed initial literals, then the state
transitional semantics and our declarative semantics are equivalent in the sense
that they share the same set of valid plans.

With Lemma [T as the starting point, we are now ready to investigate
the more advanced features of durative actions. This is done in the next four
subsections.

7.3.1 Duration Constraint

The treatments of the duration constraint are very similar in the two for-
malisms. Both definitions split the duration constraint into a start condition
and an end condition, and ensure the satisfaction by appending them to the
precondition formulas.

The only difference is lies in the start duration condition. In Fox and
Long’s definition, the start duration condition is checked as part of the pre-
condition of the start event, whereas in ours, the values of the terms mentioned
in the start duration condition is remembered, and the condition is not checked
until the end event of the durative action.
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This difference comes from the way a plan is represented. In Fox and
Long’s approach, the duration of a durative action is explicitly specified in the
plan, so the value is available even before the precondition of its start event
is evaluated. In contrast, we represent the plan with a sequence of simple
actions, and the duration of a durative action can be obtained only when we
get the knowledge when its start event and its end event are executed.

Despite this difference, it is not difficult to prove the following equivalence
proposition in Lemma

Lemma 7.18. For a PDDL plan P, in which (S : Zj(pg)[d]) is a happening of
a durative action. The duration d satisfies the duration constraint if and only
if
s (.—-\\[fi(di) duration e (. duration
(5‘4]' (p]))ff (pj,qi) t—since (g](pﬂj)) A (5‘4]' (pj))t—since (Aj (P_J‘)) (711)

is satisfied at the happening of end(gj (p;),t) in [P].

Proof. Since (s DA (p‘})[d]) is a happening in P, according to Definition [LTH],
both start (Aj (P), s) and end(Aj (Pj)s s—l—d) are in [P]. So, according to Theo-

rem [ when the precondition of end (Aj (D), t) is evaluated, since (Aj (p})) =
s, and moreover, t = s + d. Thus,

t — since(A;(p;)) = d

3 i
A5) e end:
so according to Lemmal[Z] it is obvious that ((5% (pq‘)) d“”mo”
VA

For the end duration constraint, § is a direct translation from DC

holds if and only

if DC;?j'd [duration = d] holds.
For the start duration constraint, (5%(1)}) is also a direct translation from
J

Dciirt~ Since f7;(pj, i) are the values of fi(gi) at the start of gj(p?)’ Ehe

is exactly the same as DCﬁért

i i s (=) fi(di) duration
instantiated formula (5&- (pj))ff,i(ﬁtﬁ) p

when A3(p;) is activated. So, (53]- () @), duration

2 () d holds at the end event
4,1 \Pj 4

iff DCﬁgrt [duration = d] holds.
As aresult, the condition in the formula (IZTJ) is satisfied at the end event
of Zj, if and only if both D ﬁfm [duration = d] and DC?J&[duration = d] are

satisfied in their respective happenings. U

7.3.2 Invariant Conditions

As discussed above, when protecting the invariant conditions of a durative
action, Fox and Long insert monitoring actions in the interval of the action.
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In contrast, we assert that the condition holds at the beginning of the durative
action, and no action violates it during its execution. Here, we prove that the
two approaches are indeed equivalent in terms of plan validity.

Let us consider the happening of a durative action (t : g(:ﬁ’) [d}), whose

o

A

(tio : Aio)7 (tiz : Aiz)a e 7(ti2n—2 : AiQn—Q)’ (tizn : Aizn) (7'12)

invariant condition is 7%. Without loss of generality, suppose that

are all the happenings of non-monitoring actions during the (closed) interval
of the happening of A(Z), where

t:tlogtmg§t22n,2§t12n:t+d

and

)
)

then, according to Fox and Long’s definition, the monitoring action gim,, with

Ay = A%
Ay, = A

12n,

8 8

precondition 71'% and empty effect, needs to be placed at time points

ti% + ti2k+2

gy = g2 k=01, n—1

In this setting, we have the following lemma:

Lemma 7.19. In a domain without continuous effects or timed initial literals,
the precondition 77% of the monitoring action A, s satisfied at time points

tig, 1, if and only if R(As,,, Per forming(A) D 77%) 18 satisfied at time points
tig,, for k=0,1,--- ,n—1.

Proof. According to the definition of regression, R(A;,, w%) is true in the cur-

rent situation if and only if Per forming(A) D W?X is true immediately after the

execution of A;,, if and only if (from Theorem [[4] we have Per forming (A(f))
holds between t;, and t;,, ) w% is true immediately after the execution of A
iog and Ai2k+17
sumption that there is no continuous effect or timed initial literal, nothing

igg "
Since there is no action between A and according to the as-
changes the truth value of 71% in the interval, and thus the conclusion in the
lemma is drawn. O

Lemma proves that the method we proposed in (EI9)) in Chapter
is equivalent to Fox and Long’s approach of adding happenings of guarding
actions, in ensuring that valid plans have all invariant conditions satisfied.
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7.3.3 Conditional Effects

In this subsection, we shall prove the correctness of our treatment of condi-
tional effects in durative actions. As we shall soon see, since our treatment for
the conditional effects is very similar to the one in Fox and Long’s semantics
definition, the proof here is straightforward.

Notice that the case of intra-temporal conditional effects has already been
covered in Lemma [LT7 So in the following discussion, we only concentrate
on the inter-temporal conditional effects.

Suppose we have the following end effect for the happening of a durative
action (¢ : g(x)[d])

(when (and (at start cp%)
(over all go%)
(at end go%))

(at end v 7))

which has the normal form

(595 ¢5) = ¥ (7.13)

To define the semantics of the conditional effect of this form, Fox and Long
introduce two special new propositions that are unique to any name in the do-
main. First, for the start-end conditional effect, they introduce the proposition
M?%, with an additional conditional effect (when (%) (M%) in the start
simple action. Second, for the overall-end conditional effect, they introduce
the proposition M%, with an additional effect (M%) in the start simple ac-
tion and a conditional effect (when (and (M%) (not cp%)) (not (M%)))
in the monitoring action. Then, to see whether the original inter-temporal
conditional effect takes place, they add the intra-temporal conditional effect

(when (and (M%) (M%) (90%)) (9]
to the end simple action.

Remember that we also introduced similar propositions in our semantics
definition: the auxiliary fluent predicates 63 and §%, with successor state
axioms

Olales (7, ) =
Jt.a = start (Z(ﬁ), t) A o5V
{%(ﬁ, Q)N —3t'.a= end(g(ﬁ),t/)
Olal€ (7, ) =
Jt.a = start(A(p),t) A Rla, 9%V
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E2(5.q) A ~3t'.a = end(A(p),¥) A Rla, %]

Here, p’ and ¢ are used to identify the “memory” from different happen-
ings of A’s instances and different conditional effects in g, where p’ are the
parameters to the action symbol A and q are all the free variables in v ;7 other
than those in p.

To see whether the effect finally should take place, we further transform
the inter-temporal conditional effect in (LT3 into a intra-temporal one by
substituting 90% and 4,0% with 5}(1?,(1) and 5%(17, q), respectively. As we can
see, all the treatments in the two formalisms are similar. In fact, we have the
following lemma:

Lemma 7.20. For the happening of a durative action (t : A(p)[d]) with con-
ditional effect (gp%, gp%, go%) = 17, the truth value of the propositions M% and
M% are pairwise equal to the auziliary properties 5%(@@ and 5%(]5’, q) in the
situation at time t + d, i.e. at the happening of the end event of g(ﬁ)

Proof. The validity of this lemma is obvious, if we compare the PDDL effect
definitions for M % and M% with the successor state axioms for € % and f%. O

It immediately follows from Lemma that the two approaches draw
same conclusion on whether the premise (go%, go%, g0%> enables 17 to takes
place or not.

7.3.4 Continuous Effects

In order to define the semantics of continuous effects of durative actions, Fox
and Long resort to differential equations. Definition [Z1] (originally Defini-
tion 22 in [FL03]) is their definition of the continuous update function.

Definition 7.21 (Continuous update function). Let C be a set of ground
continuous effects for a planning instance, I, and St = (¢,5,X) be a state.
The continuous update function, defined by C for state St, is the function
fo : R — R™ where n is the dimension of the planning problem (the number
of fluent function instances), such that

dfe _

dt

and

fe(0)=X

where g is the update function generated for an action a with

NP, ={({op) P Q)|((op) P (+ #t Q)) € C'}
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Intuitively, suppose the state St starts at t; and ends at ¢;, 1, then for any
t; <t <tit1, fo(t —t;) is the vector of the values of all function instances in
the domain at time ¢. Here, X = f(0) is the vector of the initial values of all
function instances at t;, the start of the state St, and ¢ is the changing rate.
Since only linear changes are allowed in PDDL and there is no other happening
between ¢; and t;11, g, the derivative of fc, is a vector of constant numbers.

Recall that according to Theorem [L4] the changing rate of any numerical
property fi(qi) satisfies

rate(fr(dr)) = ( Z Qj,k) - ( Z Qj,k)

(s:A4;[d))ePAs<t<s+d (s:4;[d])ePAs<t<s+d
<+7fk(q_];)7Qj,k>e€%] <_7fk(q_];)7Qj,k>e€%]

It is easy to see that there exists a correspondance between the changing
rate rate ( fk(q7€)) in the basic action theory and the derivative of the contin-
uous update function % in Definition [[ZT] Lemma characterizes this
correspondance.

Lemma 7.22. Suppose t; and t;11 are the times for two neighboring hap-
penings in a plan with continuous durative actions. Let fo be the continuous
update function on [t;,t;y1), which corresponds to the the fluent numerical
properties f1(qi), -+ , fn(dn). Further, let Iy be the linear objects assigned to
fx(qr) at time ty. Then,

dfe

= (rate(ly),--- ,rate(l,))

Proof. This conclusion is obvious from Definition 2T and Theorem 4 [

Considering the fact that the time for function fo is relative to the latest
happening time, whereas f(¢z) has the global time, we have the following
lemma to build the connection between the two.

Corollary 7.23. In the setting of Lemma [T.23, if

fe(0) = <eval(ll,ti), . ,eval(ln,ti)> (7.14)

then
fC(t - tl) = <eval(l1,t), o ,€U(ll(ln,t)>, te [ti7ti+l)
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Proof. For any t € [t;,t;11), we have

fet —t:)
=fc(0) + /t %dt (since djc is constant in [t;,ti+1))
ti
=fc(0) + % (t—t;) (since (CT4) and Lemma [[22])

:(eval(ll,ti),-" ,6val(lmtz’)>
+ (rate(ly) - (t —t;), -+ ,rate(ly) - (t — ;)
:<eval(ll,ti) +rate(ly) - (t—t;), -,

eval (ln, ti) + rate (ln) - (t— t2)>
(comparing the forms)
:(eval(ll,t),"- ,eval(ln,t)>

O

Since I models the function fi(gz) in the interval [¢;,¢;11) in the basic
action theory, Corollary implies that concerning the continuous update,
as long as the continuous fluents have correct values in the state at ¢;, they
are also correct throughout this state, and in particular, immediately before
the beginning of the next state at ¢;11. Here, a “correct value” means that
the evaluation result of the linear object in our approach is equal to the one
obtained from the continuous update functions in Fox and Long’s definition.

With this conclusion for single-step update, we are now able to prove that
our approach correctly models the trace of the plan.

Definition 7.24 (Trace). Let D be a planning instance that includes con-
tinuous durative actions, P be a plan for D, SP be the simplified plan of P,
{ti}i=0,....m be the happening sequence for SP and I be the initial state for
D. Further let Cts be the systems of continuous effects

Cts = {(C,t;,t;+1)|C is the set of active continuous effects over (¢;,t;41)}

Then, the trace for P is the sequence of states {I;}i=o,... n defined as follows:

e If there is no element (C,¢;,t;41) € Cts, then I;;; is the state resulting
from applying the happening at t; in the simple plan SP to the state I;;

o If (C,t;,t;iy1) € Cts, then let T; be the state formed by substituting
fo(tiz1 —t;) for the numeric part of state I;, where fc is the continuous
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update function defined by C for state I; 7. Then I;11 is the state
resulting from applying the happening at t; in the simple plan SP to
the state T;. If f is undefined for any element in Cts, then so is the
trace.

Definition (originally Definition 24 in [EL03]) states that the proce-
dure to obtain the successor state of a state I; is to first apply the continuous
numerical updates, if any, and then perform the add and delete operations
as usual. The following Lemma shows that our solution in Section
correctly captures Fox and Long’s notion of the trace.

Lemma 7.25. In the setting of Definition [[24], suppose ¥ is the basic action
theory derived from D, and Aq,---,A, are the sequence of actions in the
simplified plan of P. Then for any functional fluent fi(qi), any number r and
any state I;,

fe(qe) =7

holds in state I; if and only if

Y [A] - [Aileval (fr(qk), ti) = r

Proof.
Due to Lemma [[H fi(Gr) = r holds in Iy if and only if ¥ = eval(ly,to) = 7.
First, consider the state immediately before I; at time ¢;. According to
Definition [224] the value of fi(gr) at (immediately before) time ¢; is {fo(t1 —
to)}x, where fc is the continuous update function on the interval [tg,¢;), and
{fc(t1 — to) }x stands for the k-th dimension of the vector fo(t; — to).
According to Corollary [C23] { fo(t1 — to) }r equals to eval(fr(qk),t1). So,
if we construct a new state I, , which is the same as Iy, except that the
values of all numerical function fx(qg;) is changed from eval(f(qr),to) to
eval(fx(qgr),t1). From this construction, I; serves as the intermediate state
To in Definition
Now, let us consider the application of A; in state I; . Since the resulting
state I is at the same time as I, , there is no longer continuous numerical

" The continuous update function is defined on an interval that is closed on the left but
open on the right. So strictly speaking, fc(¢i+1 — ;) is undefined. Here, we understand
foltipr —t) as

lim fo(t' —t)
=t

that is, the value of fc immediately before time ;4.
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change to consider. According to Theorem [T, [A1]X0([1) is the progression
As a result, fi(gr) =" holds in I if and only if ¥ |= [A1]eval(lx, t1) = 7'
With an induction on the length of the plan, the proposition in the lemma
is proved. O

Lemma shows that our basic action theory correctly models the trace
of plans of a domain, possibly with continuous durative actions. Now we
are only left with the satisfaction of invariant conditions with the presence of
continuous effects.

Lemma 7.26. Let D be a planning instance with continuous durative actions
and invariant conditions, X be the basic action theory obtained from D as
described in Chapter @, X' be the same as X except that it does not take the
invariants into account, P be a plan for D. Suppose that X' |= [P]Ezecutable.
Further, let {(t; : Ai)}i=1,....m be all the happenings in the derived simple plan
of P, and Q; be the conjunction of all the invariant conditions between t; and
tiv1. Then all Q; are satisfied in their corresponding interval if and only if
Y = [P]Ezecutable.

Proof. The “only if” direction
Suppose all @); are satisfied in their corresponding interval. Notice that

each (Q; is a conjunction of the invariant conditions W% ,---,m% of the ac-
i Uk
tions that are in progress A; ,---,A4;, . So, according to Lemmas and [9,

Y = [A] - [Ai]Per forming(a) D Eval|ry,t]

which leads to
YA [Ai]ﬁObli(end(E),t)

Since ¥/ | [P]Ezecutable and ¥ differs from ¥’ only with the additional
Obli conditions, but none of them are true at any time in the duration of the
plan, We know that 3 |= [P]Ezecutable.

The “if” direction

Suppose that there is some ¢ € [t;,¢;+1) such that Q; is false at ¢. Then
according to Lemma [0 for some durative action Z,

Y [Ad] - [Ai]Per forming(A) A =Eval[r%, ]

As a result, we have
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S (A [A)] (Obu(end(ﬁ),t) At < time(AiH))

Thus, we have
Y [A1]- - [Ai]-Poss(Aiy)

According to Yezee, we have

Y [~ [P]Executable

7.4 Timed Initial Literals

To define the meaning of timed initial literals in the standard semantics of
PopL 2.2, Edelkamp and Hoffmann introduced additional happenings to the
temporal plan. Each of the additional happening (¢ : Ay;) corresponds to a
timed initial literal (tg, o) in the problem definition. The happening time ¢
equals to ty as specified in the timed initial literal, and the action Ay; is new
and unique, with the precondition TRUE and the single effect asserting the
specified literal ¢ [EHO4].

The semantics that we introduced in Chapter [l is hooked on their def-
inition. We forced the insertion of similar auxiliary actions in the plan by
specifying the actions as obligatory at the very time points. The correct in-
sertion is guaranteed by the following Lemma,

Lemma 7.27. Suppose (to,p0) € T1 is a timed initial literal in a problem
definition D. If the obligatory condition

DObli (A<t0’4p0>(t)) = (t = to)

is defined in the basic action theory (D), then for every executable plan P,
the time of whose last happening tenq satisfying tena > to, Ay o) (to) is in P.

Proof. Since te,q > to, there must be a happening A;(2;,¢;) in P, such that
to < t; < teng, and there is no other happening Ay (2, t;) in P with tg < tj <
t;.

Suppose A, o) (to) is not in P, then at time ¢;, we have

Obli(A@O,ch)(tO)) ANnow < tg < t;

which contradicts the precondition of A;(%;,t;) that has the form as shown in
(B30). This further contradicts with the assumption that P is executable. As
a result, Ay o0y (to) must exist in P. O
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Since for each timed initial literal (tg, o), the corresponding introduced
action A<t0,¢0>(to) exists in any executable plan according to Lemma [[27, the
correct semantics of timed initial literals is guaranteed further by the original
definition by Edelkamp and Hoffmann.

7.5 Conclusion

So far, we have proved the individual features in our semantic mapping. From
these fragments, it is easy to obtain that our semantics for the subset of
PDDL with time and concurrency, as defined in Chapter ], is a correct one.
This correctness is based on the fact that for a PDDL problem definition, our
semantics and the standard one determine the same set of valid plans. This
is formalized in the following Theorem

Theorem 7.28. Given a PDDL problem description
D=(T,F,f,0,A,I,TI,G)

a plan P, with no concurrent happening of mutex actions, is valid if and only
if

Y USezec = [P](Ezecutable A o(G))
for some [P].

Proof. The validity of this theorem follows immediately from Theorem
and Lemmas O



Chapter 8

Conclusion and Future Work

8.1 The Result

The major contribution of this thesis lies in two aspects.

First, we have studied the possible extensions to the logic £S, which is
approximately in parallel to the ones in the situation calculus [[Rei01]. This
enables £S to reason about, among other things, numerics, time, concurrency
and coerciveness, such that many realistic features in a domain can be modeled
in the logic. The extensions also show the generality and expressiveness of
ES. Furthermore, due to the nice features of £S (e.g. situation properties are
defined in the semantics, a fixed domain of discourse is assumed, etc.), the
formulation becomes simpler than in the classical situation calculus.

Second, we have built a semantic mapping between a subset of PDDL with
time and concurrency and our extended version of basic action theories in £S,
and have proved the correctness of this mapping. This serves as a declarative
semantics for this subset of PDDL. Unlike the state-transitional semantics,
which rely on meta-theoretic structures in the definition [EL03], ours here
defines what each element in the language means in a purely logical notion.
The advantage is that, with this declarative semantics, it is possible to bridge
planning and action formalisms, such that one approach can benefit from the
results of the other. For example, as we shall go a little deeper in Section B2Z3],
our result makes it possible to integrate external planners in action languages
such as GOLOG.

8.2 Future Work

Due to the time constraints and the author’s knowledge level, a few topics are
still left open. Here, we give a brief introduction to several directions of future

131
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work, and some preliminary ideas on them.

8.2.1 The Reoccurance Problem

In general, it is possible to have two instances of a same durative action happen
concurrently. For example, suppose we have a durative action refuel(v) which
fills a tank with petrol at a rate of v. Then,

{(1: refuel(30)[3]), (2.5 : refule(30)[5])}

may be a valid plan according to the semantics given by Fox and Long. This
plan has the meaning that a refueling process starts at time 1 with duration
3, and another starts at time 2.5 with duration 5; the refueling rate of both
processes is 30.

Unfortunately, this plan is not executable if we map it to the basic action
theory. Intuitively, the reason is like this: after the virtual simple action
start(refuel(?)()),l), Performing(refuel(SO)) becomes true. At time 2.5,
when the start event of the second process start (refuel(SO),2.5) is to be
activated, Per forming(refuel(30)) remains true, since end(refuel(30),4)
has not been executed by that time. So due to the durative action axioms in
Ydura C 2, we have

Y [ [start(refuel(30),1)]-Poss (Start (refuel(30),2.5) )

As we can see, a valid plan in PDDL becomes unexecutable, and thus invalid,
in our translated basic action theory. This is called the reoccurrance problem.

The cause of the reoccurrance problem is that we identify durative actions
only by their names. According to the semantics of £S, refuel(30) refers to
one single element in the domain, so it is not possible to distinguish whether
we mean the first process or the second, purely from this name. If the sec-
ond happening were (2.5 : refuel(30.001)[5]), for example, then this problem
would not occur.

In the previous chapters, we have implicitly assumed that such an ambigu-
ity does not exist in the PDDL domains, but in general this assumption does
not necessarily hold.

To solve this problem, we can simply introduce a unique identifier of each
happening of the durative action. In the refueling example, for instance, the
concurrent refueling process may come from two distinct pipes to the tank, so
if the domain designer identify the two processes with their corresponding pipe
name, and define the refuel action as refuel(id,v), where id denotes the pipe
and v is the rate, then the problem is avoided. However, this solution requires
the modification of the domain definition. It is interesting to study, given
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a domain, potentially with reoccurrance problem, how we can automatically
assign unique identifiers to the processes, when we construct the basic action
theories from it.

8.2.2 Integrating True Concurrency

In the development of this thesis, one of our guidelines was to stick to the
existing syntax and semantics of the logic £S, and only modify the basic
action theory to extend the expressiveness. One consequence of this decision
is that we choose to use interleaved concurrency.

As we can see from the previous chapters, the interleaved account for
concurrency is almost always sufficient for capturing the semantics for the
PDDL. This result owes a lot to the strong condition of mutex actions defined
by Fox and Long, in that actions that interact with each other cannot happen
simultaneously according to the standard semantics of PDDL.

However, two exceptions exist, where interleaved concurrency fails. One is
the case where an obligatory action is scheduled at the same time as the hap-
pening of other actions; the other is where an action influences the invariant
condition of a durative action whose start event happens simultaneously with
it. Now, let us illustrate them with two examples.

As an example to the first problem, consider the plan

{(5:41),(10: A2)}
and the additional condition ¥ = 0Obli(B(5)). Ideally, we expect to have
Y = [A1(5)][A2(10)]~Executable (8.1)

since [B(5)] is not in the action sequence. Unfortunately, even with X oy,
1) may fail. To see why, notice that when A;(5) is about to activate,
now = 0 and time (A1(5)) = 5, but there is no obligatory action a’ such that
0 < time(a’) < 5, provided B(5) is the only obligatory action in the domain;
similarly, when A3(10) is about to activate, now = 5 and time (A2(10)) = 10,
but again there is no obligatory action scheduled in the open interval (5,10).
As a result, our solution to coerciveness fails in this case.! That is why we
introduced Assumption Bl in Chapter B to temporarily avoid the problem.

! One may argue that we should modify Equation (F34) to
OPoss(a) D —=(3a’.0bli(a") Anow < time(a’) < time(a))

to also take the end points of the interval into account. However, this does not solve the
problem either. Let us denote the modified basic action theory with X’. For the first < in
the above equation, notice that

S’ | [41(5)][B(5)]-Poss(A2(10))
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As for the second problem, let us consider the following two actions:

(:durative-action A
:parameters ()
:duration ()
:condition (over all (P))
-effect ()

)

(:action B
:parameters ()
:condition ()
-effect (P)

)

Intuitively, A is a durative action that has a single precondition that P holds
in its duration; B is a simple action that asserts P as its effect. Assume that
(not P) holds initially, then the plan

{(t1 - Aldi]), (01 : B)} (8.2)

is executable, since although the invariant condition formula of A was false
before t1 and the start event of A alone does not assert it, the simultaneous
simple action B does so. If we consider the basic action theory 3 derived from
this domain and the grounded simple plan of (B2), however, we shall have

Y = [B(ty)][start(A,t1)][end(A, t1 + d1)]Executable
Y = [start(A, t1)][B(t1)][end(A, t1 + d1)]-Executable

The cause of this paradox is the interleaved view of concurrency. In the second
sentence above, there is a situation of duration 0 between the start event of A
and the execution of B, where the invariant condition of A is violated. In the
previous chapters, to avoid such a problem from occurring in our discussion, we
strengthened Fox and Long’s definition of mutex actions in Definition to
consider actions like B(t1) and start(A,t1) as mutex. However, they are in fact

since

Y e [A1(5)][B(5)](Obli(B(5)) Anow = time(B(5)) < 10)
Then, for the second <, we have the counter example
Y = [B(5)]=Poss(A1(5))

since

Y E [B(5)] (Obli(B(5)) Anow < time(B(5)) = time(A1(5)))
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non-interfering according to the standard semantics. As a result, a stronger
formulation of concurrency is needed to capture the original semantics.

Although we do not give a formal proof here, it can be shown that if the sit-
uation calculus with true concurrency is used, as formalized by Reiter [Rei96],
the both problems above can be solved. The question is, then, how we can
reproduce this result in £S, by extending it with true concurrency.

One natural way to accommodate true concurrency is to denote happenings
with sets of actions. This is also the approach in Reiter’s formalism. However,
in order to use this approach, at least the two problems need to be considered:

1. The syntaz and the semantics of ES need to be changed.
In its current form, the language requires that the [] operator take a
simple action as its argument; with true concurrency, the argument be-
comes a set of simple actions. As for semantics, the sequence of actions
z becomes a sequence of sets of actions. So far, it is not clear how the
extended syntax and semantics can be formally defined.

2. Allowing for general sets makes the domain uncountable
A direct idea is to consider general sets as elements in the domain, but
unfortunately, it makes the domain uncountable. This can be illustrated
simply by a domain with all the subsets of an infinite set. This fact leads
to a dilemma. On one hand, Reiter showed that the case of infinite ac-
tions happening concurrently must be taken seriously; on the other hand,
a countably infinite domain is the foundation of many nice properties of

ES.

As aresult, reasoning with true concurrency in the logic £S does not follow
trivially from the existing work in the situation calculus. We believe that it
is an interesting topic for further research.

8.2.3 Embedding External Planners in Golog

An ultimate goal of a bigger project containing the topic here is to bring the
research in the areas of planning and action formalisms to a convergence, such
that the work in one area may benefit from the ready results in the other.
For example, one may embed external planners in the action languages, such
as GOLOG. As introduced in Section Bl GOLOG is a powerful language that
enables its user to write programs that constrain the search for an executable
plan to a goal in a flexible way. However, when general planning is needed,
GOLOG can only resort to its non-deterministic choice of actions, whose per-
formance is far from competitive to the state-of-the-art planners.
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Recently, Claflen et al. proposed a general method to integrate ADL plan-
ners, such as FF, into GOLOG programs, whose underlying basic action theory
is a translation of an ADL problem description [CELNQT|. Their result is based
on the declarative semantics of the ADL subset of PDDL in the same paper.
The general idea is like this: during the execution of the GOLOG program,
when a goal that requires general planning is faced, a special procedure trans-
forms the goal into a PDDL problem description, and activates the external
planner to generate a plan. With the declarative semantics, it is guaranteed
that valid plans in both cases are the same, so the returned plan is a valid
one, and can thus be used directly in the GOLOG program.

As the major result, a declarative semantics for PDDL 2, a much larger
subset of PDDL, is obtained in this thesis. The natural question is, can we
extend the work in the ADL subset, and integrate external planners in the
temporal concurrent GOLOG? We are optimistic in the prospect, and believe
that the practical implementation of this idea will be an exciting future work
on this topic.
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