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Abstract. We present a general method to formalize action domains with numeric-
valued fluents whose values are incremented or decremented bytierecof
actions, and show how it can be applied to the action description langliage
and to the concurrent situation calculus. This method can handle ndizsdalia
concurrent actions, as well as ramifications on numeric-valued flushish are
described in terms of some new causal structures, called contributem ru

1 Introduction

Numeric-valued fluents are used for describing measuraldetdies, such as weight,
money, memory. In many cases, the values of such fluentsaemirented/decremented
by the execution of actions, such as adding/removing sonmeghtvedepositing/with-
drawing some money, or allocating/deallocating memoryvwocompute the value of
a numeric-valued fluent after a concurrent execution ofredseich actions, possibly
with indirect effects, is the question we study in this papee consider true concur-
rency: actions occur at the same time and may not be sebiditiee., their effect may
not be equivalent to the effect of executing the same actionsecutively in any order).
For instance, consider two boats towing a barge upriver Ipyyapm forces via cables
tied to the barge, where the force applied by either boattienough to move the barge
against the current of the river; here the concurrent actfawo boats applying forces
can not be serialized. True concurrency makes the problera of@llenging, because
actions that are individually executable may not be exddeteoncurrently, e.g., due to
conflicting effects, and actions that are individually nee@itable may be executable
concurrently, e.g., due to synergistic effects, like inélkample above.

This question is important for real-world applicationsttimwolve reasoning tasks,
like planning or prediction, related to resource allocatibor instance, allocation of
memory storage for use by computer programs is one suchcapph. It is also im-
portant for applications that involve modeling the behawiophysical systems. For in-
stance, how water pressure changes at a piston when sonrésyaienped from above
and some force is applied from the bottom is important for efiod the behavior of a
hydraulic elevator.

There are several planning systems designed to work in caxuwomains with
resources, like [1-3]. However, they consider a simplercoomncy: they either re-



quire the serializability of actions, or that no concurraction contain two actions, one
producing and the other consuming the same resource.

Lee and Lifschitz [4] show, in the action language [5], how to formalize action
domains involving additive fluents—numeric-valued fluertswehich the effect of a
concurrent action is computed by adding the effects of it®itive actions. However,
since additive fluents range over finite sets, a concurrditrais executable only if its
effect on each additive fluent is in that fluent’s range, arglribt easy to handle indirect
effects of actions (ramifications) on additive fluents (eagn. indirect effect of adding
too much water into a small container is an increase in theuatnaf water in a large
container, into which the excess water overflows from thellscoatainer). Similarly,
[6] defines the cumulative direct effects of concurrentattion additive fluents, in an
extension of the action languagk[7]; however, it is not easy to handle ramifications
(not only the ones on numeric-valued fluents) in this foremali

In [8], the authors show, in the concurrent situation calsyB], how to formalize
action domains containing numeric-valued fluents, thataaeqguire serializability of
actions, and that take into account ramifications causeddyntuch increase/decrease
of a numeric-valued fluent. However, with this formalizatidt is not easy to capture
other forms of ramifications (e.g., whenever the amount déniacreases in the large
container, the force towards the bottom of the containeeinses).

In this paper, we present a general method to formalizermdtianains with numeric-
valued fluents whose values are incremented/decrementexdmytions of actions.
This method is applicable to both the concurrent situataowus and the action lan-
guageC+; and thus can be used with the reasoning systears.c andGoLOG. The
idea is to compute the total effect of a concurrent action naraeric-valued fluent, in
terms of the direct and the indirect effects of its primitagtions on that fluent, while
also taking into account the range restrictions (e.g., #pacity of the small container).

To describe direct effects, like in [4, 8], we introduce nemstructs and functions
in the original formalisms. To describe ramifications, likd10-12], we introduce an
explicit notion of causality, specific for numeric-valuedéhts. We characterize this
notion by contribution rules motivated by the equation-like causal structures of [13,
14, 8]. With contribution rules, both forms of ramificatioalsove can be handled. The
idea of introducing these new constructs is to be able tesgmt effects of actions on
numeric-valued fluents concisely. Semantically thesetcocis are treated as “macros”
on top of the original formalisms; like the constructs imtuced in [4] and in [8], they
are compiled into causal laws or formulas in the originairfalisms.

The paper consists of three parts. The first two parts destily action domains
with numeric-valued fluents can be formalized in the actiorguag€+ and in the con-
current situation calculus, using the new constructs; éineasitics of these constructs is
defined by showing how to treat them as abbreviations in thggnal formalims. The
third part includes a comparison of these two formalizatj@md a discussion of related
work. Appendix contains the proofs, and theaLc and GOLOG files describing our
running example.



2 The Action Description LanguageC+

We briefly describe the action description langu&geof [5] below.

We start with a set of symbols, callednstantseach constant is associated with
a nonempty finite sebom(e) of symbols. The constants are divided into tloent
constantsand action constantsAn atomis an expression of the form = v where
e is a constant and € Dom(e). We usee (respectively,—e) instead ofe = true
(respectivelye = falsé. A formulais a propositional combination of atoms.flyent
formula(respectively, amction formulg is a formula such that all constants appearing
in it are fluent (respectively, action) constants.

The action description languag@a consists of three kinds of expressions (called
causal law$. static lawsof the form

causeds if ¢ @)

where¢ andy are fluent formulasaction dynamic lawef the form (1) wherep is an
action formula and) is a formula; andluent dynamic lawsf the form

causedo if ¢ after p (2

where¢ and are fluent formulas, and is a formula. Anaction descriptionis a set
causal laws.

The meaning of an action description can be representedrapsition diagram—a
directed graph whose every vertex denotes a state and edgeydenotes transitions
due to action occurrences. (See [5] for a more precise defirdnd an example.)

In the next sections we use the following three construetsh estanding for some
causal laws as shown in [5]. dfis a boolean action constant, then we can describe that
a is not executable i, by the expression

nonexecutablea if ¢;

we can express thatis exogenous (i.e., the causes of the occurrence or norreccer
of the actiorc is not given in the action domain description) by

exogenous;
We can describe that the value of a fluent consfasty by default, with the expression
default f = v.

3 Describing Additive Fluents in the Action LanguageC+

To formalize action domains with additive fluents, we exténe action description
languageC+, similar to [4].

Additive fluentsAccording to this extension, some numeric-valued fluenstammts can

be designated alditive Each additive fluent constant has a finite set of numbers as it
domain. As in [4], we understand numbers as symbols for elésraf any set with an
associative and commutative operatiprthat has a neutral elemebitin particular, we
consider the additive group of integers (since this casdeamplemented focCALC).

We suppose that the domain of each additive fluent congtamspecified as a range
[Ly,Uy], sothat, at any statd,; < f < Uy. We suppose that heads of causal laws do
not contain any additive fluent constants.



Direct effects of actionsDirect effects of a boolean action constanbn an additive
fluent f are expressed bpcrement lawof [4], expressions of the form

aincrements f by n if ¢ 3)

wheren is an integer and is a fluent formula. We drop théf 'y’ partif ¢ = T; we
call f the headof the causal law. Intuitively, an increment law of form (Xpeesses
that, if ¢ holds, the direct contribution of the actiarto the value of the additive fluent
f isn. The idea is then, to compute the cumulative direct contidbuwf concurrently
executed primitive actions to the value of an additive fluendenoteddContr(f), by
adding the direct contributions of those primitive actibmg. Translation of these laws
into causal laws is different from that of [4] (see the defimitof DContr in the next
section).

Preconditions of actiondVe describe preconditions of actions with tienexecutable
construct of [5]. For instance, the expression

nonexecutableMoveg A, B) if ~Clear(B)

describes that moving Block onto Block B is not possible ifB is not clear.

Ramifications on additive fluentRamifications on an additive fluerftare described
by contribution rules expressions of the form:

f <) 4)

whereh is one of the additive fluents thgtdepends on¢ is a numeric-valued func-
tion, and& is an element of +, —, ++, +—, —+, ——}; we call f the headof the
rule. These rules allow us to describe both kinds of ramificat mentioned in the
introduction. The first kind of ramifications is expressedmd = + or & = —.
The meaning of a rule of form (4) wittb = + (respectively, with& = —) can
be described as follows: whenever the sum of the direct aduleict contributions
of a concurrent action té, when added taé, exceeds the upper bourid, (respec-
tively, goes beyond its lower bound, ), that action indirectly contributes tp by the
amount€(DContr(h) + IContr(h) — TContr(h)), wherelContr(h) denotes the indi-
rect contribution of a concurrent action ko and TContr(~) denotes the total contri-
bution of a concurrent action torespecting the range restrictighy,, Uy]. Intuitively,
DContr(h) + IContr(h) — TContr(h) describes the excess amount being contributed
to h.

The other form of ramifications is expressed witte {++,+—, —+, ——}. Arule
of form (4) withé = ++ (respectively, withe = +—) expresses that whenever there is
an increase (respectively, decreaséd the value ofh, i.e., TContr(h) = n, the value
of f increases (respectively, decreases¥ly); the rules withe € {—+,——} are
similar, but they specify a decrease in the valug of his form of ramification, unlike
the one above, is not due to the range restrictions imposdtieralues of fluents,
although these restrictions must be satisfied at all times.

The indirect contribution of an action to an additive flughis the sum of the in-
creases/decreases described by the contribution rulesheitheadf.

Once the direct and indirect contributions of a concurretiba to an additive fluent
f are computed, we can compute the total contribution of tbi@dmto f as follows. If



f appears on the right hand side of a contribution rule of fofm(th & = +, —, then
we addDContr(f) andIContr(f), considering the range restrictigh;, Uy]:

Ur—f if DContr(f)+IContr(f) > Uy —f
TContr(f) =< Ly—f if DContr(f)+IContr(f) < Ly—f
DContr(f)+IContr(f) otherwise

Otherwise, we do not need to consider the range restriciiodTContr( f) is defined
asDContr(f)+IContr(f).

We consider action domains only where the causal influencmgrtuents is acyclic.
Here is an example.

Example 1.Consider three containers, small, medium, and large, éoingt water. The
small container is suspended over the medium, and the mezbuatainer is suspended
over the large so that, when the small (respectively, mepaontainer is full of water,
the water poured into the small (respectively, medium) @ioer overflows into the
medium (respectively, large) container. Suppose thaethes three taps: one directly
above the small container, by which some water can be addtx tcontainers from
an external source, one on the small container, by which seater can be released
into the medium container, and a third tap on the large coatad release water to the
exterior. Suppose also that one unit increase (respegtidedtrease) of water in the large
container increases (respectively, decreases) the arabiarte applied downwards to
the bottom of the large container by two units. Also assuraétbme force is exerted
upwards at the bottom of the large container, e.g., by amistdlift it up.

A formalization of this action domain in the extendéd is presented in Figure 1.
Here the additive fluent constarfisnall Medium andLarge describe the amount of
water in each containeFprce describes the force exerted upwards at the bottom of the
large container. The boolean action constadtiSn») describes the action of adding
n units of water to the small container by opening the tap oyjeRéleaseS:) and
Releaseln) describe the action of releasimgunits of water from the small, respec-
tively large, container by opening its tap; aligertn) represents the action of exerting
n amount of force upwards.

Suppose that the range restrictions are specified as follbwsn = Lmedium =
LLarge =0, Lrorce = —8, Usmall = 2, Umedium= 3, ULarge =4, Urorce = 8. If initia”y
Small = Medium = Large = 1, Force = —2, then, after executing the concurrent
actionc = {AddS8),Released ), Releasel2), Exert(8)}, the values of fluents are
computed byccALc as follows:Small= 2, Medium= 3, Large = 4, Force = 0.

Indeed, the direct effect af on Smallis the sum of the direct contributions of
its primitive actions (described by the increment laws vilie headSmall in Fig-
ure 1):DContr(Smal) = 8 — 1 = 7. Since there is no contribution rule with the
headSmall in Figure 1, there is no ramification on itContr(Smal) = 0. Since
Small+ DContr(Smal) 4+ IContr(Smal) = 7 exceeds the capacity of the small con-
tainer, the total contribution efto Smallis just the amount that fills the small container:
TContr(Smal) = Usmai— Small= 2 — 1 = 1. Then the value oBmallafter the execu-
tion of ¢ is 2.

On the other hand, since the functi6rin Medium < Smallis the identity func-
tion, the indirect contribution of to Mediumis the amount of the excess water over-
flown into the medium containeRContr(Smal) + IContr(Smal) — TContr{Small) =



Notation:n ranges ovefMin, .., Max} anda ranges over action constants.

Action constants: Domains:
AddSn), Release&), Releaseln), Exern) Boolean
Additive fluent constants: Domains:
Small {Lsmalb --» Usmal}
Medium {LMedium oy UMedium}
Large {LLarg& o ULarge}
Force {Lrorce; --» Urorce}
Causal laws: AddSn) incrementsSmall by n

Release8:) incrementsSmall by —n

Release:) incrementsMedium by n

Releaseln) incrementsLarge by —n

Exert(n) incrementsForce by n
nonexecutableAddSn) if AddSn’) (n #n’)
nonexecutableRelease&) if Release&’) (n #n')
nonexecutableReleaseln) if Releaseln’) (n #n')
nonexecutableExert(n) if Exert(n’) (n #n')

exogenous:

Contribution rules:
Medium«*— Small Large—— Medium
Force <= 2 x Large Force—" 2 x Large

Fig. 1. Containers domain described in the extended C+.

740—1 = 6. Since the direct contribution efto Mediumis 1, the total contribution of
¢ to Mediumis just the amount that fills the medium containB€ontr(Medium = 2.
Then, after the execution of Medium= 3.

Similarly, the direct and indirect contributions ofto Large can be computed as
follows: DContr(Large) = —2, IContr(Large) = 5. SinceLargedoes not appear on the
right hand side of a contribution rule of form (4) with = +, —, the total contribution
of ¢ to Largeis simply the addition of these tw@:Contr(Large) = 3. Then the value
of Large after the execution af is 4.

Since the total contribution afto Largeis 3, and since the functiafiin Force ——
2 x Largeis (Az.2 x z), the indirect contribution ot to Forceis —(2 x 3) = —6.
Since the direct contribution efto Forceis +8, the total contribution of to Forceis 2.
Therefore, the value dforce after the execution af is 0.

4 Obtaining an Action Description

To obtain an action description &+ from a formalization of an action domain like in
Figure 1, we translate increment laws, and contributioaginto causal laws as follows.

1. To describe the direct effects of primitive actions, fin& introduce new action
constantsContr(a, f), of sort integer, where is an action constant anflis an
additive fluent constant; an atom of the fo@ontr(a, f) = v expresses that the
actiona contributes tof by the amount. We defineContr(a, f) to be 0 by default:



default Contr(a, f) = 0.
Then we replace every increment law (3) with
causedContr(a, f) = nif a A .

. To describe the cumulative effects of concurrent actiamsintroduce new action
constantspContr(f), IContr(f), TContr(f), of sort integer, wherg is an addi-
tive fluent constant. Intuitively, an atom of the fodContr(f) = v (respectively,
IContr(f) = v) expresses that the direct (respectively, indirect) doution of a
concurrent action tg is v. An atom of the formTContr( /) = v expresses that the
total contribution of a concurrent action fas v.

We defineDContr( f) as follows:
causedDContr(f) =" v, if A, Contr(a, f) = vq

whereMin < 3" v, < Max

Let us denote by’ the set of all contribution rules. We defiff@éontr(f) to be 0 by

default:
default IContr(f) = 0.

Then we translate contribution rules@hinto the causal laws:

causedIContr(f) =vif v =

Zf(ig(h)ec£(IContr(h)+DContr(h) TContr(h))
f;g(hl)ec5(IContr(h)+DContr( )—TContr(h))
+E It enyec, TContrh) > (TContr(h))
+Zf<—5(h)ecTContrh 5(TContr(h))
f<—£(h)eCTCOntl’})>05(Tcontr(h))
€ TContr(h)) (Min < v < Max).

f——=&emyec, TContrr)<c

For instance, with the contribution rules in Figure 1, Kbedium we add

causediContr(Medium = v if
IContr(Smal)+DContr(Smal) —TContr{Smal) = v (Min < v < Max).

If f appears on the right hand side of a contribution rule of fatjnthen we define
TContr(f) by adding the direct and indirect contributions of actioespecting the
range restrictionL ¢, Uy]:

causedTContr( f) =v+v’ if DContr(f)=v A IContr(f)=1v'

(L <v+v'+f <Uy)
causedTContr(f)=Uy— f if DContr(f)=v A IContr(f)=v" (v+v'+f > Uy)
causedTContr(f)=Ly— f if DContr(f)=v A IContr(f)=v" (v+v'+f < Ly)

such that the values assignedn@ontr( f) are in the rangéMin, Max. Otherwise,
we defineTContr(f) simply by adding the direct and indirect contributions of ac
tions, i.e., by the first set of causal laws above.



3. To determine the value of an additive fluent constarfter an execution of a
concurrent action, we add

causedf = v+ if T after f = v ATCont(f) =" (Min < v+v’ < Max).

With the translation above, the meaning of an action desenD in the extended
C+ can be represented by the transition diagram describecdetaction descriptio’
obtained fromD as described above (see [7] for a definition of a transitiagdim).
Then a query (in a query language, lik& [7]), which describes a planning problem,
a prediction problem, etc., is entailed BYif @ is entailed byD’. This allowed us to
compute the values of additive fluents in Example 1 usiogLcC.

5 The Concurrent Situation Calculus

The concurrent situation calculus is a second-order lagguath equality. It has four
sorts:action for primitive actions,concurrentfor concurrent actionssituationfor sit-
uations, andbjectfor objects in the domain. Intuitively, situations are seqges of
concurrent actions representing possible evolutions efvtbrld. Concurrent actions
are (possibly infinite) sets of primitive actions. In addlitito the standard logical sym-
bols and connectives, the language includes:

— variable symbols of each sdft;

— aconstand of sortsituationdenoting the initial situation;

— afunction symbotio : (concurrentx situation) — situationto denote the situation
that results after the execution of a sequence of actions;

— a predicate symbat situation x situation with s C s’ meaning that situation
precedes’;

— functions of the formA(x) of sortaction(with argumentse of sortobject’), which
denote primitive actions;

— predicates of the forni’(«, s) and functions of the fornf (x, s), with the last ar-
guments always being of sorsituation which denoteaelational fluentsandfunc-
tional fluentsi.e., properties of the world that change as a result of ¥eewion
of actions; and

— apredicate symbdtossof sort(actionU concurrenj x situation which is used to
describe whether a primitive or concurrent action is pdssiba situation.

Sets and reals are not axiomatized; their standard intatfme, including their opera-
tions and relations, is considered.
A basic action theorys composed of five sets of axioms:

1. Fourfoundational axiomshat are domain-independent:

dO(Cl, 81) = dO(CQ, 52) Dy =ca2 NSy = Sa,
(YP)P(S0) A (¥, 5) [ P(5) 5 P(dole, ))] > (¥3)P(s),
=s C Sp,
sCdo(e,s)=sCs'Vs=5s.

4 n the situation calculus constructs below, lower-case Roman letters demizbles. We use
s, a, ¢c andzx, possibly with superscripts and subscripts, for variables of sarttation action,
concurrent andobject Unless stated otherwise, variables are implicitly universally prenex
quantified.



2. For each primitive actior (x), anaction precondition axiorof the form:
PossA(x),s) = I a(x, s)

wherell 4(x, s) is a formula uniform ins.> Minimal Poss requirements for con-
current actions are as follows:

Posga, s) D Posg{a}, s), (5)
Posgc, s) D (Fa)a € ¢ A (Va)la € ¢ D Posga, s)]. (6)
3. For each relational fluetft(x, s), asuccessor state axioof the form:
F(z,do(c, s)) = vf(z,c,s) V F(z,8) A5 (x, ¢, )

where~; (z, ¢, s) andvyy (x, ¢, s) are formulas uniform ins. Similarly, for each
functional fluentf(«, s), a successor state axiom of the form:

f(z,do(c, s)) =y =
Vf(wa Y, c, S) V f(xv S) =yAN _'(Hy/)f}/f(wa y/a c, S).
4. Unique names axioms for actions, suchvasie(z, y) # pickup(x).
5. Axioms describing the initial situation of the world: aifexset of sentences uniform
in So.

6 Describing Additive Fluents in the Concurrent Situation
Calculus

To formalize action domains with additive fluents, we extémel concurrent situation
calculus, as in [8].

Additive fluentsAccording to this extension, some functional fluents thageaover
numbers (not necessarily integers) can be designataddive For each additive flu-
ent f, we understand a given ran¢e,, U] as follows: in every situation, L, <
f(s) < Uy.

Direct effects of actiond-or describing direct effects of actions on additive fluents
introduce a functioontr; (x, a, s) for each additive fluent. Intuitively, contr;(x, a, s)
is the amount that the actian contributes tof when executed in situation In the
following, free variables are implicitly universally quéfired. We describe the direct
effects of primitive actions on additive fluents by axiomglad form:

kr(z,v,a,s) D contry(xz,a,s) =v @)

whereks(x, v, a,s) is a first-order formula whose only free variables are, a, s,
doesn't mention functiomontr, for any g, ands is its only term of sort situation. If
there is no axiom (7) describing the effect of an actioon an additive fluenyf, we
assume that the direct contribution @fto f is zero. This assumption allows us to
derive, for each functionontr, a definitional axiom:

contrg(x,a,s) =v = Kky(x,v,a,s) Vo=0A=(F)ks(x, 0, a,s).

5 A formula uniform ins does not contain any situation term other tBatSee Definition 4.4.1
of [9].)
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Notation: n,n’,v are object (number) variables, is a situation variableq,a’ are action
variables, and is a concurrent variable.

Action functions:addSn), release$n), releasel(n), exer{(n).

Additive fluent functions: Ranges:

small [Lsmall, Usmall
medium [Lmedium Umediun]
large [Liarge> Ulargel
force [Ltorce, Urorcel

Direct effect axioms:

(3n)[a = addSn) A v = n] D contrsman(a, s) =v
(3n)[a = release$n) A v = —n] D contrgmai(a, s) = v
(3n)[a = release$n) A v = n] D contimediun{a, s) = v
(3n)[a = releasel(n) A v = —n] D contljarge(a, s) = v
(3n)[a = exer{n) A v = n] D contrgre(a, s) = v

Preconditions of actions:
Posga, s)
conflict(c, s) = (3In,n’).[addSn) € c AaddSn’) € c An # n'lv
[release$n) € c Arelease®n’) € cAn #n'|V
[releasel(n) € c Areleaselln’) € c An # n']V
[exer(n) € cAexer{(n’) € cAn #n]

Contribution rules:
medium<— small large<— medium

force 4= 2 x large force—— 2 x large

Fig. 2. Containers domain described in the extended concurrent situation lculu

Preconditions of actiondNe describe preconditions of primitive actions as in [9]t Fo
preconditions of a concurrent actionwe describe by a formuleonflict(c, s) the con-
ditions under which the primitive actions inconflict with each other. This is required
to handle cases where a set of primitive actions each of whigtdividually possible
may be impossible when executed concurrently.

Ramifications on additive fluentés in the languag€+, we consider two kinds of
ramifications on numeric-valued fluents, and we express theacyclic contribution
rules (4), wheref andh do not contain a situation term.

For instance, Figure 2 shows a formalization of the contaiegample in this ex-
tended version of the concurrent situation calculus. Wikthsa formalization, we can
compute the values of fluents, as in Example 1, usiogoG.

7 Obtaining a Basic Action Theory

From a formalization of an action domain, like in Figure 2, @@ obtain a basic action
theory in the concurrent situation calculus as follows.

1. We consider the foundational axioms of [9].
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2. From the preconditions of primitive actions, conflictdvbeen actions, and range
restrictions on additive fluents, we can formalize prection$ of a concurrent ac-
tion ¢ as in [8], by an axiom of the form

Posgc, s) =
(3a)(a € ¢) A (Va € c)Posga, s) A —conflicc, s) A R [RC(do(c, s))].

Denoted byR!'[W] is a formula equivalent to the result of applying one step of
Reiter’s regression procedure [9] 8. We useRC(s) to denote the conjunction
of the range constraints on each additive flugiiie., /\f Ly < f(s) < Uy) con-
joined with additional qualification constraints if giveBy this way, a concurrent
action is possible if it results in a situation that satisfies range constraints on
additive fluents. For Example 1,

RC(S) = Lgman < small(s) < Usmall A Liedium < mediuerS) < Umediunf\
Llarge < Iarge(s) < Ularge A Liorce < force(S) < Uorce-

3. From the direct effect axioms and contribution rules intsa formalization, we
can derive successor state axioms for additive fluents byahe kind of transfor-
mation in [9], which is based on an explanation closure agsiom
First, we express the cumulative effects of actionsfoby adding the direct and
indirect contributions of actions ofy respecting the given ran¢e, U;]. For each
additive fluentf, we introduce three new functiordContry, iContr;, andtContry.
Intuitively, dContr;(x, ¢, s) describes the cumulative direct contributions of prim-
itive actions inc at a situations:

dContr(, ¢, s) = » _ contry(, a, s).
acc
The indirect contribution of a concurrent actioon f at a situatiors is described
byiContr;(z, c, s), relative to a se€ of contribution rules:
iContrs(z,c,s) =
E(iContry,(y, ¢, s) + dContr, (y, ¢, s) — tContr, (y, ¢, s))
E(iContry (y, ¢, s) + dContr, (y, ¢, s) — tContr,(y, ¢, s))

Zf&g(h)ec

f——&(h)eC
+2

+2

fEEgnyec tContr, (y,c,5)>0
fE=emectContr, (y,c,s)<0
f—temyectContr, (y,c,s)>0

)
)
- Zf;‘s(h)ec,tContl’h(y,c,8)<0 .

For instance, relative to the contribution rules in Figure 2
iCoNtrmediundc, s) = iCoNtrsmai(c, s) + dContismai(c, s) — tContrsman(c, ).

After defining direct and indirect contributions of actioms an additive flueny,
we can define the total contribution of actions as follows’: #ppears on the right
hand side of a contribution rule of form (4), then we add threctiand indirect
contributions of actions respecting the range restriction Uy]:
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Up—f(x,s) if sumy > Uy— f(x, s)
tContrs(x, c,s) =< Ly—f(x,s) if sumy < Ly— f(x,s)
sunmy otherwise

wheresumy stands fordContry(x, ¢, s) + iContry(x, ¢, s). Otherwise, the total
contribution of actions is simply the sum of the direct andiriect contributions of
actions, i.e.suny.

Finally, we define the successor state axiom for an additienflf:

f(z,do(c, s)) = f(x,s) +tContrs(x,c, s).

4. From the given action functions, we can obtain unique rseam®ms, likeadd3n) #
release$n’), etc.
5. We suppose that a description of the initial world is given

8 Comparing the Two Formalizations

We have described how to formalize an action domain with tagdfluents, in two
formalisms: the action languagk- and the concurrent situation calculus. We can see
in Figures 1 and 2 that two such formalizations look similarfact, under some con-
ditions, a formalizationD of an action domain in the extended versionCef and a
descriptionI of the initial world can be translated into an action thesityD, I) in
the extended version of the concurrent situation calcidush that, for every additive
fluent f and for every concurrent actienthe value off after execution of is the same
according to each formalization.

Suppose thab consists of the following:

— additive fluent constanfs,, . . ., F,,, eachF; withthe domain{ L, ..., U, } (Min <
Lr,,Ur, < Max); and boolean action constams, . .., A,,;

— increment laws of form (3) whereis a boolean action constant,is an additive
fluent constanty is an integer, and is true;

— preconditions of actions of the form

nonexecutablea if ¢ (8)

wherey is a conjunction of atoms that does not contain the actiosteo.
— acyclic contribution rules of form (4).

Suppose that consists of the following:
0:F;=N; (0<i<m)

whereN; is an integer in the given randé.r,, . . ., U, }, expressing that, at time stamp
0, the value off; is N;.
Then we can obtaigit(D, I) from D and! as follows:

1. For each additive fluent constaFit € D, declare a corresponding unary additive
fluent functionf;(s) with the range[L;,, Uy,]. such thatLy, = Ly, andUp, =
Us,. For each boolean action constaht € D, declare a corresponding nullary
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action functionA,;. For instance, for the fluent constaBimall with the domain
{Lsmal - - - » Usman} In Figure 1, we declare in Figure 2 the fluent functEmall
with the ra-nqusmalla Usmall}-
Schemas are frequently used’ifn to represent a large number of constants or state-
ments. For exampléddSn) in the declarations part denotes the action constants
AddSMin), ..., Add§Max). In a situation calculus representation, for such a set
of action constants, we can introduce a single action fondi.g..addSn)).

2. For each increment lav; increments £; by N in D, add the formula

[a = A; ANv = N] D contr, (a,s) = v. 9)

With a functionA;(n), we can use a single formula to represent all of the formu-
las (9) forA;, as seen in Figure 2.

3. Let NE X be the set of all causal laws (8) In such thatp is a fluent formula. Let
1 (s) be the formula obtained from a fluent formuleby replacing every additive
fluent atomF; = N by f;(s) = N. For each action constat; in D, add the

formula
PosgA;, s) = A —t(s).
(nonexecutableA ; if ) ENE X g
If for every action constand;, the right hand side of the equivalence abové is
then we can simply replace all of the equivalences above &sitigle formula
Posga, s) as in Figure 2 (recalt is implicitly universally quantified.)

4. Let NEX 4 be the set of all causal laws (8) it such thaty is a formula that
contains an action constant. Lgfc, s) be the formula obtained from a concurrent
actionc and a formulay by replacing every fluent atoth; = N with f;(s) = N,
and every action atord ; (respectivelyA,) with A; € ¢ (respectivelyA, & ¢).
Then add the following definition:

conflict(c, s) = \ [A; € cAY(c, s)].

(nonexecutableA ; it Y) EN E X 4

5. For each contribution rule <=~ £(H) in D, add the contribution rule <=~ £(h).
6. For each expressian: F; = N; in I, add the facf;(Sy) = N;.

Suppose that the randflin, Max is wide enough that, when compiling into an
action description as described in Section 4, the auxil@myonsDContr;, IContry,
andTContr; are never undefined due to range violation.

Proposition 1. LetC be a set of action constants inandc be the set of corresponding

action functions in sitD, I). Then the following hold:

(i) Cis executable at time stamp O with respectxand I iff Posg¢, Sp) with respect
to sit(D, I);

(i) for every fluent constant;, if C'is executable at time stamp 0 ahd F; = N/ after
the execution of’ at time stamp 0, with respect @ and7, thenf;(do(c, Sp)) = N/
with respect to sitD, I).

(iii) for every fluent constanf;, if Posgc, Sp) andf;(do(c, So)) = N/ with respect to
sit(D, I), thenl : F; = N after the execution of’ at time stamp 0O, with respect
toD and!.
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The assumption above is required for the ‘if’ part of (i), dad(iii).

Although we have incorporated contribution rules into twanfialisms in a similar
way, and we have shown that, under some conditions, a faratalnh of an action do-
main inC+ can be transformed into a formalization in the concurrégnation calculus,
these two formalisms are different in genetat: action descriptions are nonmonotonic
and propositional, while the situation calculus actioroties are monotonic and first-
order. This work can be viewed in part as an attempt to britigegep between these
two formalisms, in the spirit of [15].

9 Related Work

There are mainly two lines of work related to ours. The first,di3] and [14], intro-
duces methods to obtain a causal ordering of variables {enoumeric-valued flu-
ents) from a set of equation-like causal structures, confleequations and structural
equations, each describing a mechanism in a device. Suadlisalaadering describes
which fluents are directly causally dependent on which ofluents. The goal is, by
this way, to understand the causal behavior of a device.

The other line of work, [16] and [8], explicitly representsusal relations among
variables by equation-like causal structures, structmahtions and contribution equa-
tions; so the goal is not to obtain a causal ordering on nuimalued variables. They
use these equations for various problems of reasoning ambions and change. For
instance, [16] represents each mechanism with a struaqtaedtion, and uses them for
modeling counterfactuals. On the other hand, [8] represeath mechanism with a
contribution equation, compiles them into an action theallpwing one to solve prob-
lems of reasoning about effects of actions, like planning) rediction.

All[14, 16, 8] suppose that the causal influence among flusmisyclic. The method
of [13] can not in general determine the effects of distudeasnby propagation when
the causal influences are cyclic. [14, 16] require each bkrie be classified as either
exogenous or endogenous; the others and we do not.

In our approach, each mechanism is described by a set ofilmatitn rules with
the same head. These rules explicitly represent the flow wdatanfluences among
variables; in this sense it can be considered along the ddaanof work above. Con-
tribution rules are assumed to be acyclic. As in [8], by cdimgicontribution rules
into an action theory, we can solve problems of reasoningitadffects of actions. On
the other hand, unlike with contribution equations, therea obvious correspondence
between contribution rules and algebraic equations. Fstainte, in the containers ex-
ample, with the contribution equatiommer(s) =mediungs)+smalls) andtotal(s) =
inner(s)+large(s), one can verify thatotal(s) = smalls) + mediungs) +large(s). In
our approach, we can verify this equation by introducing axilary fluent total(s)
and contribution rules for it, but there is no direct cor@sgence between the equation
and the contribution rules. Another difference betweertrdaution equations and con-
tribution rules, is that auxiliary fluents such @gal andinner are necessary to write
contribution equations, while they are not required in ingitcontribution rules. This is
due to the ability of contribution rules to express moreatigethe causal influence re-
lationships among fluents. Finally, although contributmuations can handle the first
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kind of ramifications mentioned in the introduction, we caindirectly express the sec-
ond kind of ramifications by them; there is no direct way toadiee these ramifications
by the other causal structures mentioned above.

10 Conclusion

We have described how to formalize an action domain withtaddiluents, in two for-
malisms: the action languagk- and the concurrent situation calculus. In both cases,
first we have extended the formalisms, e.g., by introducimgesnew constructs or func-
tions and by modifying some axioms. Since some ramificatiwasot easy to describe
in the original formalisms, or using the existing causalstures, we have introduced
contribution rules, which express causal influences batadditive fluents. After that
we have formalized an action domain in the extended versiofur parts: specifi-
cation of additive fluents with their domains/ranges andbastaffecting them, direct
effects of actions on additive fluents, preconditions oicenst, and ramifications on ad-
ditive fluents. The formalizations obtained this way candi@amot only nonserializable
actions, but also ramifications on additive fluents. Ingeding the application of our
method to other formalisms, such as TAL [17], is a possiblariuresearch direction.
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Appendix

The Containers Domain presented tacCALC

To be able to solve problems involving ramifications on numealued fluents, we
modified the source filecal c. pl of CCALC, so thatcCALC can automatically gen-
erate domain-independent causal laws presented in Settibhen we added some
macros to the fileaddi t i ve to obtain from increments laws and contribution rules
domain-dependent causal laws. The modified source filesvaikalle athtt p://
www. kr.tuwi en. ac. at/staff/esra/additive/containers. htnl.

We present the containers domain formalization in Figure taaLc in a file,
cont ai ner s-donai n, as in Figure 3. We present the problem description in amothe
file,cont ai ner s- pr obl em as in Figure 4. In these Prolog files, constants start with
lower-case letters, and variables with upper-case lettersLc computes the values of
the fluents after the execution of the concurrent actionrieesd in this problem as
follows:

| ?- query 1.

0: small=1 nediuml large=1 force=-2
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ACTI ONS: addS(8) releaseS(1l) releaselL(2) exert(8)
iContr(small)=0 tContr(snmall)=1 dContr(small)=7
i Contr(nedium =6 tContr(nedium=2 dContr(nedium=1
i Contr(large)=5 tContr(large)=3 dContr(large)=-2
i Contr(force)=-6 tContr(force)=2 dContr(force)=8

1: small=2 nmedium3 large=4 force=0

yes

For a more efficient computation, the amount of resourceeddeleased can be
declared as “attributes” of the actions, as in Figure 5. Ta ffire solution abovescaLc
transforms the formulation of Figure 3 into a propositiath@ory with 50162 atoms and
216204 clauses (in about 23 minutes), and the computatitdreafolution above takes
30 seconds. On the other harat;ALc transforms the formulation of Figure 5 into
a propositional theory with 18334 atoms and 90816 clauseggiseconds), and the
computation of the solution takes 28 seconds.

The files containing the containers domain description &edproblem are also

availableaht t p: // www. kr. tuwi en. ac. at/ staff/esra/addi tive/ contai ners.

htm .



% file nanme: containers-domain
- include 'additive-cr’.

;- variabl es
N, N1 :: nnlnteger.

:- constants
small :: additiveFluent(l _small..u_snmall);
medi um :: additiveFl uent (I _nmedi um . u_nedi unj;
large :: additiveFluent(l_large..u_large);
force :: additiveFluent(l_force..u_force);

addS( nnl nt eger),

rel easeS(nnl nt eger),

rel easelL(nnl nteger),
exert(nnlnteger) :: exogenousAction.

% direct contributions:

addS(N) increnents small by N
rel easeS(N) decrenments small by N.
rel easeS(N) increnments nedium by N
rel easeL(N) decrenents |arge by N.
exert(N) increnents force by N

% precondi ti ons:

nonexecut abl e addS(N) & addS(N1) if N < NI1.
nonexecut abl e rel easeS(N) & rel easeS(N1) if N < NI1.
nonexecut abl e rel easeL(N) & releaseL(Nl) if N < NI.
nonexecut abl e exert(N) & exert(Nl) if N < NI.

% contribution rules:
medi um <-+- mul tiply(1,small).
large <-+- multiply(1, nedium.

force <-+-- multiply(2,large).
force <--+ nmultiply(2,1arge).

Fig. 3. The formalization in Figure 1 presenteddaALcC.

17
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% file nane: containers-problem

.- nacros
maxlnt -> 8; % mnlnt = -nmaxlnt
| _small -> 0; u_small -> 2;
| _medium-> 0; u_nedium-> 3;
| _large -> 0; u_l arge -> 4;
I

_force ->-8; wu_force -> 8.

;- include 'containers-donmain’.

i- query
| abel :: 1;
maxstep :: 1;
0: small =1, nedium= 1, large = 1, force = -2,

addS(8), releaseS(1l), releaselL(2), exert(8).

Fig. 4. The containers problem described in Example 1.
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% file nanme: containers-domain-attributes
- include 'additive-cr’.

:- variables
N :: nnlnteger.

;- constants
small :: additiveFluent(l _small..u_snmall);
medi um :: additiveFl uent (I _medi um . u_nedi unj;
large :: additiveFluent(l_large..u_large);
force :: additiveFluent(l_force..u_force);
addS, rel easeS, rel easel, exert :: exogenousAction;
hownuchToAddS :: attribute(nnlnteger) of addsS;
hownuchToRel easeS :: attribute(nnlnteger) of rel easeS;
hownuchToRel easelL :: attribute(nnlnteger) of rel easel;
howruchToExert :: attribute(nnlnteger) of exert.

% direct contributions:

addS increnents small by N if hownuchToAddS = N

rel easeS decrenents small by N if howruchToRel easeS = N
rel easeS increnents nmediumby N if hownuchToRel easeS = N.
rel easeL decrenents large by N if howruchToRel easeL = N
exert increments force by Nif howruchToExert = N

% contribution rules:
medi um <-+- mul tiply(1,small).
large <-+- multiply(1, nediumn.

force <-+-- multiply(2,large).
force <--+ nmultiply(2,1arge).

Fig. 5. The containers domain presentedctoaLC using attributes.
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The Containers Domain presented tdGOLOG

Additional definitions and axioms that need to be added to lagsioterpreter, to han-

dle additive fluents and contribution rules, are contaimgfi¢ fileaddi t i ve- cr. pl
availableahtt p: / / www. kr. t uwi en. ac. at/ st af f/esra/ addi ti ve/ cont ai ners.
htm .

Figure 6 shows the implementation of the Containers don@imdlization in the
concurrent situation calculus. The set of initial valuesti@l state) and the range re-
strictions on the four fluents as used in Example 1 is showngarE 7. The following
is a sample query for this problem and the answers:

[eclipse 3]: C[addS(8),rel easeS(1), rel easelL(2), exert(8)],
val ue(F, V,do(C, s0)).

C = [addS(8), releaseS(1l), releaselL(2), exert(8)]
F = smal |

V=2

Yes (0.00s cpu, solution 1, rmaybe nore) ? ;

C = [addS(8), releaseS(1), releaselL(2), exert(8)]
F = nedi um

vV =3

Yes (0.00s cpu, solution 2, maybe nore) ? ;

C = [addS(8), releaseS(1), releaselL(2), exert(8)]
F = large

V=4

Yes (0.00s cpu, solution 3, maybe nore) ?

C = [addS(8), releaseS(1), releaselL(2), exert(8)]
F = force

V=20

Yes (0.00s cpu, solution 4, maybe nore) ? ;

No (0.00s cpu)
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primtive_action(addS(N)). prinmtive_action(rel easeS(N)).
primtive_action(rel easeL(N)). prinmtive_action(exert(N)).

contr(small, A V, S):- A=addS(N), Vis N
A=rel easeS(N), Vis -N
not (A=addS(N) ; A=releaseS(N), Vis 0.

contr(mediumA, V,S): - A=releaseS(N), Vis N,
not A=rel easeS(N), Vis 0.

contr(large, A V,S):- A=releaseL(N), Vis -N
not A=rel easeL(N), Vis 0.

contr(force, A V,S):- A=exert(N), Vis N
not A=exert(N), Vis 0.

val ue(small,V,S):- small (V,S).

val ue(mediumV, S): - nediumV, S).

val ue(large,V,S):- large(V,S).

val ue(force,V,S):- force(V,S).

%% Succ State Axi ons

smal | (V,do(C, S)):- small(Vs,S), tContr(small,C Vc,S), Vis Vs + \c.

medi um(V, do(C, S)):- medium(Vs,S), tContr(mediumC,Vc,S), Vis Vs + Vc.

large(V,do(C S)):- large(Vs,S), tContr(large,C Vc,S), Vis Vs + Vc.

force(V,do(C, S)):- force(Vs,S), tContr(force,C, Vc,S), Vis Vs + Vc.

Wo Al primtive actions are al ways possible

poss(A,S):- primtive_action(A).

conflict(C S):- menber(addS(N), C), nenber(addS(N1), C), not N=N1;
menber (rel easeS(N), C), menber(rel easeS(N1), C), not N=Ni;
menber (rel easeL(N), C), nenber(rel easeL(N1),C), not N=Ni;
nmenmber (exert (N), C), menber(exert(N1), C), not N=N1.

medi um <-+- 1 * snal |.

large <-+- 1 * pedium

force <-+-- 2 * |arge.

force <--+ 2 * large.
foo <--- bar.

Fig. 6. Implementation of the formalization in Figure 2.
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| ower (small,0). |ower(nediumO0). |lower(large,0). |ower(force,-8).
upper (smal |, 2). upper (nmedium 3). upper(large, 4). upper(force, 8).

smal | (1,s0). nediun(1,s0). large(l,s0). force(-2,s0).

Fig. 7. The containers problem described in Example 1.
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Proof of Proposition 1

Let F be the set of all additive fluent constarts, . .., F,,. Let A be the set of all
boolean action constants;, ..., A, .

Definition 1. A setC of boolean action constants ih is executablat a stateS defined
by an interpretationt; = N; of fluent constants il such thatLy, < N; < Ug,, if

(i) for every fluent constant; inF, Ly, < N; + TContr(F;) < Up, and
(i) for every causal lawrfonexecutableA; if ) in D, S U C does not satisfyl; A 1.

Suppose that the randflin, Max is wide enough that, when compiling into an
action description as described in Section 3, the auxilearyonsDContr;, IContry,
andTContr; are never undefined due to range violation.

We use the following lemmas and notation to prove the prajosabove. LetSy
denote the initial state defined by atoms

F;=N; (F;eF,Lp, <N; <Up)

where everny) : F; = N, is in I. Remember that the initial situatidfy is defined by
the set of facts; (Sy) = N, where0 : F; = N;isin .

Lemma 1. Condition (ii) of Definition 1 holds for the initial statg; iff

(i) for every actionA; in ¢, sit(D, I) = PosgA;, Sy); and
(i) sit(D,I) = —conflictc, Sp).

Proof: Take any causal lawnpnexecutableA; if ¥) in D. If ¢ is a fluent formula,
SrUC = A; ANy Iff Sp B o iff —p(Sy) iff PosgA;, Sp); moreover, since) does
not contain an action constantconflictc, Sy). Otherwise, i.e.z) contains an action
constant, the following holds; UC £ A; Ay iff A; & Cor S;UC - o iff —(c, Sp)
iff —conflict(c, Sp); moreover, since) contains an action constafosgA;, Sy).

Lemma 2. If C'is executable at a stai®, then there exists a unique transitio$i, Z, S’)
in the transition diagram described iy, such that the following hold for every additive
fluent constanf; in F:

(i) for every boolean action constadt; € C, for some integet”, Contr(A;, F;) =Y
isinZ;
(if) for some integed”, DContr(F;) =Y isin Z,
(i) for some integerY’, IContr(F;) =Y isin Z,
(iv) for some integel”, TContr(F;) =Y isin Z.

Proof: Follows from the definition of the transition diagram debed by the action
description obtained from. First of all, if C' is executable a¥ then there is a transition
(S, Z,S") in the transition diagram described By Since the effects of all actions are
deterministic (they either increment or decrement the eslof additive fluents by a
certain amount), and the causal influence among fluents éfi@aia contribution rules,
such atransition is unique. (i) Due to the translation oféngents laws into causal laws,
for every A, and F}, if they appear in an increments law
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A; increments F; by N

in D, Contr(A;, F;) = N is in Z; otherwise Contr(4;, F;) = 0isin Z. (i))—(iv) If C
is executable a8 then, due to Definition 1(i), for every fluent constdhit, there exist
some integetV;, such thafTContr(F;) = Nj; is in Z. Then, due to the definition of
TContr obtained by the translation of contribution rules into uaws, there exist
some integery” andY”’ such thaDContr(F;) = Y andlContr(F;) = Y’ are inZ.

Let C'r denote the concurrent actio¥l in the unique transition described in the
lemma above.

Lemma 3. If C' is executable af5;, then, for every fluent constait; in F, for ev-
ery corresponding fluent function nanfigin sit(D, I), and for every integetX in
{Min, ..., Max}, the following hold:

(i) For every boolean action constant; in C, and for every corresponding action
functionA; in sit(D, I),
Contr(A;, F;) = X € Criff contr; (A, So) = X;
(i) DContr(Fy) = X € CriffdContr(c, So) = X;
(iii) IContr (F) = X € CriffiContry,(c, So) = X;
(iv) TContr(F;) = X € CrifftContrg,(c, Sp) = X.

Proof: (i) By Lemma 2(i), there exists a transiti@s;, Z, S’) in the transition diagram
described by the action description obtained frénsuch that, for every boolean ac-
tion constant4; € C, for some integeX, Contr(4;, F;) = X is in Z. On the other
hand, due to the formulas added at Step 2 of the transformatid the definitional ax-
iom of contrg;, for every corresponding;, contrg, (A;, So) = X. (ii)—(iv) Follow from
(i), the definitions ofDContr(F;) = X, IContr(F;) = X, TContr(F;) = X in the
action description obtained fro (under the assumption that the rariiyin, Max|

is wide enough that, when compilin® into an action description, the auxiliary ac-
tionsDContr;, IContr;, andTContr; are never undefined due to range violation), and
the definitions ofdContr;, iContry,, tContr, in the basic action theory obtained from
sit(D, I).

Lemma 4. If C is executable a$;, then, for every fluent constaht in F, the following
hold:

for some integeX, TConti(F;) = X € Crand Ly, < X + N, < U, according
toDandl
iff

RY[RC(do(c, Sp))] according to sitD, I).

Proof: Follows from Lemma 3, the definition d®C', and the correctness theorem of
the regression operat® [9].

Lemma 5. If sit(D, I) = Poss(c, Sp), then condition (i) of Definition 1 for the initial
stateS; holds.

Proof: Poss(c,Sy) D R'[RC(do(c,So))] D RC(do(c,Sy)) D Ly, < fi(do(c,Sp)) <
Ug, D L < £i(Sy) + tContr, (c,Sy) < Ug. Then, by Lemma 3Lpr, < N; +
TCOntr(Fi) < UFy
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Lemma 6. C' is executable a8 iff sit(D,I) = Poss(c, Sp).

Proof: (=) Follows from Lemmas 1 and 4«<f) By Lemma 5, condition (i) holds.
Poss(c, Sp) implies Poss(A;, So) and—con flict(c, Sp). Then by Lemma 1 condition
(i) holds.

Lemma 7. If C is executable ab5;, then, for every fluent constait; in F, for ev-
ery corresponding fluent function naniein sit(D, I), and for every integetV, in
{Min, ..., Max}, the following hold:1 : F; = N/ after the execution of' at S; iff
sit(D, I) = f;(do(c, So)) = NJ.

Proof: (=) By Lemma 2, ifC' is executable af; then(S, Cg, S’} in the transition di-
agram described b, such that, for some integéf, TContr(F;) = X isin Cr. Then,
by the definition of the transition diagram describedlbyF; = N; + X isin S’ where
F; = N; is in S;. On the other hand, by Lemma&¢(D, I) = tContr, (¢, Sp) = X.
Then, by the successor state axiomfpfn the basic action theory obtained from
sit(D, I), £;(do(c, Sp)) = £;(So) + tContrg, (¢, Sp) = N; + X = N/. («) By the suc-
cessor state axiom éf in the basic action theory obtained frafit(D, I), sit(D,I) =
N/ =1£;(Sp) + tContr;, (¢, Sp). By Lemma 3, for some intege¥, tContr, (¢, So) = X

iff TCont(F;) = X € Cg. And by the definition ofsit(D, I), f;(So) = N; iff

0 : F; = N;isin I. On the other hand, by the definition of the transition diagra
described byD, 1 : F; = N; + X holds.

Proof of Proposition 1: (i)—(iii) hold by Lemmas 6 and 7.



26

References
1. Koehler, J.: Planning under resource constraints. In: Proc|HC®98) 489-493
2. Kvarnstbm, J., Doherty, P., Haslum, P.: Extending TALplanner with concuyeand re-
sources. In: Proc. ECAL. (2000) 501-505
3. Bacchus, F., Ady, M.: Planning with resources and concurteAdprward chaining ap-
proach. In: Proc. IJCAI. (2001) 417424
4. Lee, J., Lifschitz, V.: Describing additive fluents in action languége In: Proc. [JCAL.
(2003)
5. Giunchiglia, E., Lee, J., Lifschitz, V., McCain, N., Turner, H.:Moonotonic causal theories.
AlJ 153(2004) 49-104
6. Baral, C., Son, T.C., Tuan, L.: A transition function based char&a@ation of actions with
delayed and continuous effects. In: Proc. KR. (2002)
7. Gelfond, M., Lifschitz, V.: Action languages. ETAI(1998) 195-210
8. Erdem, E., Gabaldon, A.: Cumulative effects of concurrent astan numeric-valued flu-
ents. In: Proc. AAAL. (2005) 627-632
9. Reiter, R.: Knowledge in action: Logical Foundations for specifyingd implementing dy-
namical systems. MIT Press (2001)
10. Lin, F.: Embracing causality in specifying the indirect effects of astioln: Proc. IJCAI.
(1995) 1985-1991
11. McCain, N., Turner, H.: A causal theory of ramifications andifjoations. In: Proc. IJCAL.
(1995) 1978-1984
12. Thielscher, M.: Ramification and causality. 89(1997) 317-364
13. deKleer, J., Brown, J.S.: A qualitative physics based on caorfage AlJ24 (1984) 7-83
14. lwasaki, Y., Simon, H.: Causality in device behavior. 20(1986) 3—32
15. Giunchiglia, E., Lifschitz, V.: Action languages, temporal action lsgiad the situation
calculus. In: Proc. NRAC. (1999)
16. Halpern, J., Pearl, J.: Causes and explanations: a structudel-approach—Part |: Causes.
In: Proc. UAI. (2001) 194-202
17. Doherty, P., Gustafsson, J., Karlsson, L., Kvarnstrom, TALY Temporal Action Logics:

Language specification and tutorial. ETA(1998) 273-306



