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Abstract

An important concept for intelligent agent sys-
tems isgoals Goals have two aspects: declara-
tive (a description of the state sought), and pro-
cedural (a set of plans for achieving the goal). A
declarative view of goals is necessary in order to
reason about important properties of goals, while
a procedural view of goals is necessary to ensure
that goals can be achieved efficiently in dynamic
environments. In this paper we propose a frame-
work for goals which integrates both views. We
discuss the requisite properties of goals and the
link between the declarative and procedural as-
pects, then derive a formal semantics which has
these properties. We present a high-level plan no-
tation with goals and give its formal semantics.
We then show how the use of declarative infor-
mation permits reasoning (such as the detection
and resolution of conflicts) to be performed on
goals.

Introduction

RMIT University
Melbourne, Australia.
jah@cs.rmit.edu.au

RMIT University
Melbourne, Australia.
johnt@cs.rmit.edu.au

where a goal is a set of proceduRewhich are executed (in

an attempt) to achieve the gbalAlthough the declarative
aspect is perhaps more natural, the procedural is important
for realisable agents: an important property of goals is that
the agent have the capability of bringing about the goal, for
example having the goal to make it stop raining isn’t sensi-
ble, since (presumably) the weather isn’t under the control
of the agent (Padgham and Lambrix, 2000). Providing ex-
plicitly a procedural aspect which specifies how the agent
might bring about the desired goal is one way of ensuring
that the agent doesn’t adopt goals which it has no way of
bringing about.

Intelligent agent implementation platforms (such as PRS
(Ingrand et al., 1992), dMARS (d’Inverno et al., 1998),
JAM (Huber, 1999), JACK (Busetta et al., 1998), 3APL
(Hindriks et al., 1999), and ConGOLOG (Giacomo et al.,
2000)) are intended for deployment in highly dynamic en-
vironments and as a result adopt the procedural view of
goals in order to avoid lengthy deliberation. For example,
systems in the BDI (Belief Desire Intention) family treat
goals as events which trigger plans, and 3APL defines a
goal as being simply a procedure.

The use of the procedural aspect of goals is crucial to
the practicality of these systems in highly dynamic envi-
ronments. However, by omitting the declarative aspect

U goals the ability to reason about goals is losVith-

foundational work in Al and Philosophy, agent technol-Out knowing what a goal is trying to achieve, one cannot

09y hqs significant app_lications in a wide range Of_domainscheck whether the goal has been achieved, check whether
(Jennings and Wooldridge, 1998) and are considered bfﬁe goal is impossible, or check for interference between

some to be a natural successor to object oriented program- . . : :
ming (Jennings, 2001). Although there has been mucrlgoals (Thangarajah et al., 2002a). This lack of intelligence

Iso constitutes a gap between BDI theories and implemen-

debate on what constitutes an agent, and which featur%?ltions: an ideal BDI agent is required to drop goals when

are impartant, the consensus Is thatiateligent agent atgey are either achieved, or become unachievable (Rao and

is situat_ed, autonomous, reactive, pro-active, and soci eorgeff, 1992). This cannot be done without declara-
(Wooldridge, 1998). tive information. Further, declarative information allows
A clearly central concept for pro-active agents is that ofthe correct realisation of commitments to goals in BDI sys-
goals (Winikoff et al., 2001). Goals have two aspects: tems by decoupling plan failure from goal failure. A goal
declarative where a goal is a descriptionof the state
of the world which is soughtEnv = s); and procedural

IThere is often more than one means of achieving a goal.



should not be dropped merely because a plan to achiev@oal(atfood findfoodnofood where findfood is a

it has failed. Declarative information can specify a condi-set of plans for locating food, planning a path
tion for dropping the goal which is independent from planto reach the food, and following the path and
failure. By controlling our selection of goal discharge con-where  atfood = 3IX.foodatX) A locationX) and
dition we can realise different commitment strategies. nofood= —3X.foodat(Xx).

We seek to develop a representation of goals which allow3he correct behaviour of the cat relies on goal execution
for both declarative and procedural aspects to be specifiedhaving certain desired properties. In the next section we
and used.Our aim is to allow agent implementation plat- explore what these properties are and how the execution
forms to be more faithful to their theoretical foundations, mechanism for goals can be derived so that it possesses
and to provide better handling of goals. In doing this, it isthese properties. In section 3 we present a plan notation
important that the execution semantics for goals is consiswith goals and give its formal semantics. Section 4 dis-
tent with the desired properties of (declarative) goals. Focusses how interaction between goals (both positive and
example, given a goal to achieve condit®using a set of negative - i.e. conflicts) can be reasoned about and man-
procedures (or recipes or plam)if sholds, therP should  aged by using declarative information.

not be executed.

We now present a simple example which illustrates the us@ ~ Representing Goals

of goals and the importance of the properties discussed.

Consider a hungry cat. The cat knows there is food on th&Vhat properties should goals have? In specifying a goal
table and formulates a plan to jump on a chair, and therconstruct this question is of obvious importance and we
jump from the chair to the table (left diagram below). The shall begin by looking at desired properties of goals. Af-
cat leaps on to the chair successfully. At this point, a nearbyer identifying the desired properties of goals, we then de-
human moves the chair so that the cat can no longer leap tive a procedural interpretation for goals which meets these
the table. The cat (being an intelligent ag@mealises this, desired properties.

and revises its plans: the new plan is to leap from the chai
to a shelf, then walk along the shelf, and finally leap from
the shelf down to the table (right diagram below). However,
fortune smiles upon the feline: after leaping up to the shel
it finds that food has been left on the shelf. The opportunis-
tic cat abandons its plan to continue to the table and ea

upon the shelf instead. This scenario illustrates the imporz_ (Rao and Georgeff, 1992). Although persistence is left

tance of retrying upon the failure of a plan, and of detectin ; ; i
when a goal (reaching food) is fortuitously achieved anébp to the commitment strategy, rather than being a prop

. ) . erty of the framework, the common commitment strategies
dropping the goal and the associated plan. Another impor-_ - . )
; require persistency of goals.
tant property is that goals are not dropped when an associ-
ated plan succeeds, unless the goal’s condition is met. Fdrhe formalisation of (van Linder et al., 1995) defines goals
example, suppose the nearby human had moved the fodd terms of preferences. Preferences are persistent and
rather than the chair. Our cat would then successfully perknown. Goals are selected from those preferences which
form it's original plan and reach the table, only to find that are unfulfilled and realisable. Goals are also required to be
there was no food on the table. Although the plan succonsistent, so that whekeA denotes tha# is a goal, we

ceeded, the goal of reaching food has not been achieved. have that GA = —-G—A).

The GOAL language (Hindriks et al., 2001) requires that
goals not be entailed by beliefs (i.e. that they be un-
achieved) and that goals be satisfiable. The set of goals
G is notrequired to be consistenfs can contain botlp
and-p. This is handled by not requiring that all goals be
achieved simultaneously, so thatif= {p,—p} thenp can

be achieved and discharged and can be achieved at a
later time. A consequence of this is that the gGalA b

is not implied by the two goal§&a and Gb (sincea and

The BDI work of Rao and Georgeff (Rao and Georgeff,
1992) requires that successful and impossible attitudes are
ropped (that is, goals must not already be achieved and
hey must be possible), that goals are known to the agent
axiom Al5 (Rao and Georgeff, 1991; Rao and Georgeff,
998)) and that the set of goals held by an agent be consis-

Seeking food involves the goal

R 4The abstract BDI interpreter on page 441 includes
20r a robot:www.necoro.com the steps drop-successful-attitudes(B,G,l) and drop-impossible-
3The notationGoal(s, P, f) is read as “achieve conditisus- attitudes(B,G,l) which correspond to apen mindeccommit-

ing the set of plan®; failing if f becomes true”. ment strategy.



b could be achieved at different times). Further, the goaBased on these properties we propose the construct

operator does not distribute over implication.

Table 1: Properties of goals

BDI | van Linder etal.| GOAL
Drop successful| 0O O O
Drop impossible| O O 0
Known O O
Consistent O O
Persistent (0 O

We thus require goals held by a rational agent tpéesis-

tent unachievedpossible consistentandknown

Persistent: A goal shouldonly be deleted when it suc-
ceeds or where there is a good reason for droppin
it. A rational agent should not drop its goals without a

good reason.

Goal(s,P, f) which is read as “achieve using P; failing

if f becomes true” and which is viewed as being an ex-
ecutable statement in a plan language. Bo#nd f are
logical formulae over about the agent’s beliefs. We assume
thats and f are exclusive, in that there is no world state
Ssuch thatS|= sA f. The procedural asped, is aset of
guarded plan®f the forn® (Cy : Py, ..., Cy : Py) where each

G is a condition and each is a plan designed to achieve

s. If the conditionC; is true, thenP may be executed; if
there is more than one executable plan (i.e. more than one
condition is true) than a non-deterministic choice is made
between them.

The guiding intuition is that given an initial state of the
world &, pursuing a goaGoal(s,P, f) will resultin a (pos-
sibly infinite) sequence of stat€s= (%,5,S,...). Note

at this sequence of states, which includes environmental
changes, cannot be wholly determinedal(s,P, f) and
S. However, it is clearly constrained I§pal(s,P, f), and it

Unachieved: A goal to achieves should be dropped when is the nature of those constraints that we elicit.

sis true. Note that this focuses on the desired outyy particylar, we are concerned with ensuring that this
come rather than the process - if we are in the m'ddl%equence behaves appropriately with respect &md f

of executing a plar® in order to bring abous ands
becomes true, then the goal is dropped (with succesg
and the plarP aborted. A corollary is that a goal to
achieves wheres already holds should trivially suc-

ceed without doing anything.

Possible: We specify a failure conditiori which defines

i.e. the declarative aspects of goals) and in particular that

e persistenceunachievedndpossibleproperties are re-
flected this sequence. The precise relationship between
these states is discussed in more detail in Section 3 where
we give the operational semantics for goals.

We denote bexe¢Goal(s,P, f),S) a sequence of states that

when a goal should be dropped with failure. In the jegyts from executingoal(s, P, f) in the stateS. Note
same way that specifyingdecouples the success of a 5t there can be more than one such sequence (aay

goal from the success of its plans, specifyindecou-

contain a number of possible courses of action). However,

ples goal failure from plan failure. One advantage ofjn sych cases an implementation will have to select a par-
allowing f to be specified is that it allows for a range tjcylar course of action to follow, and the properties dis-

of commitment strategies to be realised by specifyingeyssed in the remainder of this section are independent of
appropriate conditions for a goal to be dropped. Weihis choice.

assume open minded commitment (Rao and Georgeff, ) ) ) )
1992) as a default; in this case a goal is dropped with Nus thepersistentunachievea@ndpossibleproperties are

failure when it becomesnpossibleto achieve, i.e.f

captured as the following properties of the sequence of

corresponds to an impossibility condition. We thus States:
describe this desired property (goals are dropped with
failure whenf becomes true) gsossible

Consistent: A rational agent’'s goals are required to be

e If there is a states, in S such thatS, = sV f, then
S =(%,5,...S) (i.e.S is finite andS, is the final
state in the sequence) akd < i < n—1 we have

consistertan agent should not simultaneously pursue Shsvi.

goals that conflict. For example, if an agent has a goal

of eating the food on the table and another goal of eat- e Otherwise,S is infinite (and hence&/i > 0 we have
ing food on the shelf at the same time, then the agent S j£ sV f).

should recognise the conflict and resolve it in favour

of the more important goal.

Known: Finally, a rational agent should know what goals
it has; that is, goals should B@mown This is an es-
sential prerequisite to being able to reason about inte

actions between goals (see section 4).

The persistentproperty is captured by the sequence being
infinite unless there is a state in whislor f is true. The
unachievedindpossibleproperties are captured by the re-
;Quirement that if there is such a state in the sequence, then

5More generallyP can be any construct of a plan-language.



itis the final such state and neitrsaror f is true in any pre- S =(5,3,...5), SiEFsvfandv0<i<n-1lwe
vious state. In other words, the execution of a goal stops if  have $}~sv f
(and only if!) eithersor f become true.

The known condition corresponds to maintaining a data\We define pex¢Goal(s,P f),S) as a maximal s, f-
structure containing a record of the goals held by the agengompatiblesequence of states that results from the execu-
this is done in Section 3; consistency is discussed in Sedion of P commencing in state S.

tion 4. We define exéGoal(s,P, f),S) as

We now defineexec This provides the link between the

sequence discussed above and the pRaased to achieve o (SifSEsVT

the goal. As discussed above, the desired behavicexesf

is that if sor f hold in Sthen it should do nothing, other- e pexe¢{s,f},P,S) if pexe¢{s,f},P,S) =sv f or

wise it executed. There are now three cases: ¢y f pexe¢{s, f},P,S) is infinite

becomes true during the executionff (i) sV f is true

whenP completes executing (but not before), and i) f o pexeg{s, f},PS) o tl(exe¢Goal(s P, f),S)) other-
remains false whil® executes, and is false whéhcom- wise, where Sis the final state of pexéfs, f}.P.9),
pletes. In the first case, we abort the executioR efhen “ o” denotes sequence concatenation, ane-) is the

sV f becomes true and return the result of partially exe-  Sequence without its first element; this is needed since
cuting P (pexeg; in the second case we return the result S is also the first state of exgoal(s,P, ), S).

of executingP. In the third case we cannot complete the

execution ofGoal(s,P, f) since neithes nor f are true; we  We say that the goaGoal(s,P, f) succeedsfrom S if
thus continue to execual(s, P, f) in the situation result-  exe¢Goal(s, P, f), S) is finite and its final state Sis such

ing from P’s execution. that S, = s. We say that the go&loal(s, P, f) fails from S

Hence we denote byexe¢X, Goal(s, P, f), S) the sequence if exedGoal(s,P, f),S) is finite and its final state3s such

of states resulting from executimg further than the com- that S = f.
pletion of B but halting as soon as any condition in the
setX becomes true (formallypexe¢X,P,S) is a prefix of
exedP, 9)); thus pexe¢X, Goal(s,P, f),S) has three possi-
ble cases:

It is then straightforward to show the following result.

Proposition 1 For any $ in exe¢Goal(s,P, f),S) we have
that

* (S=9,5.,%,...S) whereS, = sv fv \/xand e If S [£ sV f then there is a successor statg Sin

XX exe¢Goal(s,P, f),S
VO<i<nwehave§ f£sv v \/x ¢Goal(s,P, ),S)

xeX e Otherwise Sis the final state in exgGoal(s,P, f),S)

e (S=5,5,S,...Sn) whereV 0 <i < mwe have§ |~
svfv \/ x andP terminates in stat&,
XeX

Thus the derived execution semantics for goals satisfies
theunachievedpossible(via f), andpersistentonditions.
Theknowncondition is addressed in Section 3 arahsis-
e (S=%,5,S,...) wherevi > 0we have§ j£=sv fv  tencyis discussed in Section 4.

\V x

xex 3 Operational Semantics

Note that in the third cas® does not terminate and there We now present a detailed operational semantics for a

is no state in whiclsv f becomes true. high-level plan language incorporating as first-class citi-

We then definexe¢Goal(s,P, f)) as the result of repeat- zens goals with both declarative and procedural aspects.
edly applyingpexe¢P) until one ofsor f becomes true, as TheCAN® notation and its semantics clearly (and formally)
below. illustrate how a possible plan language could be imple-
mented. Our reason for doing this is that we intend that
Definition 1 We say a sequence of statS8sis sf-  the notion of goal developed be realisable in implemented
compatibleif either agent systemsThe notation we present below is illustra-
tive of the plan languages of typical agent languages, both

e VS eSS sV 6CAN = ConceptualAgentNotation



in the BDI tradition, and elsewhere. In particular, it is sim- 3.2 Formal Semantics
ilar to Rao’s AgentSpeak(L) (Rao, 1996) and to Kinny's _ _
(Kinny, 2001), both of which attempt to extract the essencé/Ve assume that we are given operations to check whether

of a class of implemented BDI agent platforms. a condition follows from a belief seB(= c), to add a be-
lief to a belief set BU {b}), and to delete a belief from
31 The CAN Notation a belief set B\ {b}). In the case of beliefs being a set

of ground atoms these operations are respectively conse-
An agent program (denoted 1Y) consists of a collection quence checking, and set addition/deletion.
of plan clauses of the forfre: ¢c; < ¢, : P wheree is an
event,c; are context conditions (logical formulae over the
agent’s beliefs) which must be true in order for the plan to
applicablé, andP is the plan body.

We define a basic configuratid®= (B,G,P) whereB is

the beliefs of the agen§ is a set of goals being pursued
(used for consistency checking — see section 4) Rasdhe

plan being executed. A transitidhy — S specifies that
Beliefs () are first order terms but could be orthogonally executingS, a single step yields;. We defineSy —*
extended to other logics. All that we assume are that wen the usual ways$, is the result of one or more single step
have operations to check whether a condition follows fromtransitions. The transition relation is defined using rules of
a belief setB |= c), to add a belief to a belief seB (U {b}), S—S§

and to delete a belief from a belief s&\({b}). Tradition-  the formS— S or of the formS— S ; the latter are
ally, agent systems have implemented addition and delesonditional with the top (numerator) being the premise and
tion of beliefs as literal addition and deletion from a setthe bottom (denominator) being the conclusion. In order to
of terms, however, there is no reason why belief revisionrmake the presentation more readable we use the convention
could not be applied. A condition is a logical formula over that where a component &fisn’t mentioned it is the same
belief terms: in SandS (and inS andS). We also assume thBtrefers

to the agent’s beliefs, and elide angle brackets. Thus each
of the left rules is shorthand for the corresponding right
rule. The full set of rules are given in figure 1.

C:=b|CAC|CVC|~C|3xC

The plan bodyP is built up from the following constructs.
We have the basic constantsie, fail andex(X) (excep-

: - . . Bl=c BE=c

tion), and the primitivesct (an action not further speci- 2 g
fied), operations to addip) and delete {b) beliefs, a test x—tiue (B,G, %) — (B,G,true)

for a condition (), and eventsle. We also have a number PL—P _ (B,G,P) — (B',G',P) _
of compounds: sequencingi(P,), parallelism Pi||P,), PiP,— PP, (B,G,P;P) — (B,G' PP

and goals Goal(s,P, f)).

In addition to these compounds there are also a number of

auxilliary compound forms which are used internally whenThe first rule above specifies that the condition tedtan-
assigning semantics to constructs: for example when afitions to true if the conditior is a consequence of the
event matches a set of guarded plans these are collecté@ent’s beliefsg = c). The second rule specifies tirat P,
into a set of guarded alternativeB(: P,...)). The other transitions tdP’; P, whereP' is the result of a single execu-
auxilliary compound form is a choice operator dual to se-tion step ofP.

quencing P>P,), which execute®; and then executé®  Thg gperational semantics carry around a set of conditions
pnly if P; failed. The language is described by the follow- being watched for{—x). Thisis used by goals to interrupt
Ing grammar. the execution of a sub-plan should a condition become true.
P = true| fail | exX) In order for this to work correctly we requi_re that tbleeck _
| act|+b|—b|%|le rule take precedence over other rules — it must be applied
U if it is applicable. We add rules to propagate exceptions,
| P;P[P|P|Goal(s,P,f) interrupting further processing(;|xt, [lx2: bx, andGy;).

| PeP|(B:P....B:F) The rules for executing goals are based on the definitions

An omittedc; is equivalent tdrue. of execandpexec The rulesG andGeopyaddsandf to the
8More preciselyg; is an eager condition arg is lazy; both  conditions being watched foX{ and execut®. This relies

must be true for the plan to be applied, but they are tested at dify thecheckrule to stop executing & or f hold, throwing
ferent times:c; is tested when the event is matched against the . . T i
plans, whereas; is tested when the plan is being considered for &N exceptiorex(x) when this occurs. The exception is han

execution. dled appropriately by one of the thr€g; rules. The rule
SWhere it is obvious thae is an event we shall sometimes Gtf continues attempting to achieve the goal in the case that
elide the exclamation mark, in the interests of readability. executingP did not lead tes or f becoming true.



We extend simple configurations (which correspond to aVe assume the followirl§:

single thread of execution within an agent) to agent con-
figurationsSay = (N, B, G,PP) which consist of a name, a G
single (shared) belief set, a goal set, and a set of executing f
plans. The following rule defines the operational seman-, ¢
tics over agent configurations in terms of the operational
semantics over simple configurations. P

G1
Pelr (B,GP)— (B ,G P)
Agent

(N,B,G,I") — (N,B’,G,(M\ {P})U{P}) rf
Gy

Note that there are elements of nondeterminisnCAN,
such as the choice of plan to execute from a set of (mul—G
3

tiple) applicable plans. In addition, thgentrule nonde-
terministically selects an executing plan. In general, this G4
choice should be constrained by the desired scheduling pol-G’
icy (such as a round-robin strategy to ensure fairness of y
some description). Bo

One of the fundamental features@AN is that it is a high-

level plan language, in the spirit of process algebras such
as therrcalculus and agent systems suchgsather than

a programming language per se. This means that we carB1
concentrate on the important issues, such as plan selection,
event handing, belief updates, etc. rather than potentially
cumbersome details such as data structures and mecha-

Goal(atfood !findfood nofood)

foodat(X) Alocation(X)

not( foodat(X))

findfood

Goalp(atfood (!surveyterrain;reachfood,
nofood

planpathY, X); ?path(A); followpath
Goalp(atfood !surveyterrain;reachfood- (),
nofood

Goalp(atfoodtrue;reach food- (), nofood
Goalp(atfood reach food- (), nofood
Goal(atfood nofood

{atfood nofood;

{location( floor),can jumg floor,chair),
canjumpgchair,table),canjumgledgetable),
canjumpgchair,ledge}

{location( floor), foodaftable),

canjumg floor,chair),canjumgchair,ledge,
canjumpgchair,table),canjumgledgetable)}

nisms for passing data around. As a resltN is agnostic  We consider the cat seeking food, i.e. executing the goal

with respect to such issues.

G. Note that the execution consists of multiple derivations,

each advancing the agent a single execution step. The first

Proposition 2 Let S be approximated by B (i.e.
SErc iff BEc) and let Qe {true fail} and
R € {true fail.exx)}. Then exe®S) = (...,S) iff
(B,G,P) —* (B',G’,Q) and pexefX,P,S) = (...,S) iff
<BvG7P>—>X*<B,aG,aR>'

Proposition 3 Let S') be approximated by B. The goal
G succeeds (resp. fails) from state S(#G,G) —*
(B',G’,true) (resp. if(B,G,G) —* (B/,G’, falil)).

These rules specify a precise and implementable opera-
tional semantics for a plan language including goals with

step unfolds the goal, adding it to the goal set and not-
ing thatnofoodandatfoodare conditions that need to be
watched, then posts the evdimidfoodwhich matches a
single plan which first surveys the terrain then (attempts
to) reach food.

Bo = foodattable) Alocation(floor)

Bo, {G'}, !findfood—x Bo, {G'}, (t :!st;!r f)

BO) {G/}7GP —0 BO7 {G/};Gl
BOaOaG -0 BO?{G,}aGl

Geopy

both declarative and procedural aspects. The semantid&he second step selects the (only) plan.

of goal execution respect the desired properties of goals
(namelypersistentunachievedpossible andknown con-

Bo = true

sistencyis discussed in the next section). These rules have Bo, {G'}, (t :!st;!rf) —x Bo, {G'},!st;!rf > () Sel

been translated into Prolog, yielding a prototy@&N in-
terpreter.

BOv {G,}a Gy —0 BOv {G,}a G2

The third step performs the first step of the plan, namely

3.3 An Example

Let us return to the cat example given in section 1. A set of
plans suitable for sating hunger are given in figure 2. Thesgy;

surveying the terraitt. We assume that this succeeds and

19pye to space limitations we use the following abbreviations;
st: surveyterrain, rf: reachfood, nf: nofood, af: atfood, t: true, f:

planS include eXp|ICIt|y human intervention, as described 11We have Compressed matching the event agains’[ a p|an, se-

in section 1.

lecting that plan, and executing it into a single step.



BEc Blc

2 — true 2 fal ' B,+b— BU{b},true M B,—b— B\ {b},true b
BExeX
a—true 8% P, exx) MK
(ti;c—bi:R)eN BlEg —-3db;:R € ABEb bi:ReA BEDb
le— (ovPL,.. ooy CV B —fal oY @ —rep ey o
PPh—P ) i )
PLP, PP, trueP —P "' TalP__fal ' exX)P_—exx)
PL— P P, — P
AR PR 1 Bp—RP 2 tuep—p " Blrue—p 2
fail [P — falil lra P|[fail — fail 2 exX)||P — ex(X) lba PllexX) — exX) lhe

Ph—P > —
Pi>P, — Pb>P; true> P — true
GU{Goal(s, f)},Goalp(s,P, f) — G',P
G, Goal(s,P, f) — G',P
Q e {fail,true}
Goalp(s,Q, f) — Goalp(s,P, f)

D>x

—
' FaloP =P | exXX)sP— exX)
P—xuisty P’
Goalp(s,P, f) —x Goalp(s, P/, f)

G

GCO Py

Gtt Gx

G, Goalp(s,ex(s), f) — G\ {Goal(s, f)},true
yé{sf} C
G, Goalp(s,ex(f), f) — G\ {Goal(s, f)}, fail G, Goalp(s,ex(y), f) — G\ {Goal(s, f)},exy) 3
Pel (B,GP)— (B ,G, P)
<N7 Ba Ga r> I <Na B/v G/a (r \ {P}) U {P/}>
Note that in rules such a&ct we assume that actions always succeed. In order to take potential failures into account, it
is not difficult to modify such rules to explicitly check a given success (or failure) condition. Note also thav tée

does not allow for multiple solutions of context conditions, modifying it to allow for multiple solutions is straightforward.
Likewise, adding explicit substitutions is not hard.

Gx2

Agent

Figure 1: Operational Semantics



humanintervention— -canjump(chair,table) ; +canjump(chair,ledge).
becomehungry- +hungry ; goal(not(hungry), satehunger, fail).
satehunge+ reachfood ; eatfood.
eatfood : foodat(X location(X)« act(eatfood) ; -foodat(X) ; sated.
sated : hungry— -hungry.
sated— true.
reachfood— goal(foodat(X)A location(X),findfood, not(foodat(X))).
findfood : foodat(X)A location(Y)« surveyterrain ; planpath(Y,X) ; ?path(A) ; followpath.
surveyterrain— act(surveyterrain).
planpath(X,Y): plan(P}- -plan(P) ; planpath(X,Y).
planpath(X,Y): canjump(X,Y} +path([X,Y]).
planpath(X,Y): canjump(Y,X}— +path([X,Y]).
planpath(X,Y): canjump(X,Z) canjump(Z,Y)— +path([X,Z,Y]).
planpath(X,Y): canjump(X,Z) canjump(Z,Q)\ canjump(Q,Y)— +path([X,Z,Q,Y]).
followpath: path([P1])}— -path([P1]).
followpath: path([P1,PPs])«— jump(P1,P2) ; -path([P1,PRs]) ; +path([P#Ps]) ; followpath.
jump(floor,chair): location(floor) canjump(floor,chair)
«— act(jump(floor,chair)) ; -location(floor) ; +location(chair) ; humiatervention.
jump(P1,P2): location(P1) (canjump(P1,P2y canjump(P2,P1}¥- act(jump(P1,P2)); -location(P1) ; +location(P2).

Figure 2: Sample Plans for the Cat

updates the agent’s beliefs frdsg to B;. 4 Reasoning about Goals

When an agent has more than one goal to pursue, there

/ : /
Bo, {G'},!st —x By, {G'},t are a number of ways in which the pursuit of these goals

Bo, {G'},!st!Irf —x By, {G'},t;!r f . can fail to be independent. At one extreme an agent has
Bo,{G'},!st;!Irf > () —x Ba, {G'},!st;!rf > () as goals bothA and—A, here it is clearly irrational for the
Bo, {G'},G2 —¢ B1,{G'},G3 agent to attempt to satisfy both goals (or at least both goals
, simultaneously). Itis also possible for goals to be logically
The fourth step simply removes theie. consistent but not simultaneously achievable (for example
By, {G'},t;Irf —x By, {G'},!rf t they might require the same resources). A third possibil-
— - ity is that only some of the plans for each goal conflict,
B, {G} 1o () —x B1, {G'},!rfr() and hence it is possible to achieve both goals simultane-
B1,{G'},G3 —0B1,{G'},G4 ously by an appropriate choice of plan. For example, con-
sider a goal to eat food (and there is food on the table and
The execution continues by: on a shelf) and a goal to scratch the table (an obviously

) . naughty cat). These two goals can be simultaneously pur-

e planning a path from the floor to the table (via the syed and achieved (e.g. jumping onto the table and eating
chair), the food on it while scratching it), but some choice of plan
(e.g. planning to eat the food on the shelf) will create a con-

flict between the goal. In some instances it may also be

e having the human move the chair appropriate to show that pursuit of a given set of goals can
o realising that the next step in the plan (jumping from be achieved independently of each other — in other words,

the chair to the table) cannot be done that' there is no interference at aIIZ and hence the plans to
achieve each goal can be freely interleaved. Finally, we

e surveying the terrain may wish to determine instances of positive interference,
i.e. situations in which the achievement of one goal can

e jumping onto the chair

e planning a path from the chair to the table (via the
ledge) e : :
130f course, it is possible that all plans to achieve the goals
e jumping to the ledge, jumping to the table, and thenconflict. We are currently working on solutions to such instances

eatinglz. by identifying such conflicts via summary information based on

- = the work of Clement and Durfee (Clement and Durfee, 1999b;
12\n this run there isn't any food on the ledge Clement and Durfee, 1999a).



assist in the achievement of other goals.

In this section we discuss various possibilities for perform
ing these kinds of reasoning in our framework. For space
reasons, this will necessarily be illustrative of the possibil-

ities rather than a detailed prescription.

In order to combine resource summaries we need to iden-
tify the different types of resources. Similar to sub-goals re-
“sources can also be classified as eitfemessary resources

or possible resourcesSome resources are no longer avail-
able after useqonsumable resourcee.g. food), whilst

others are still available after usesable resource®.g.

Our framework for goals simplifies the development of thiSChair)_ The manner in which we derive resources sum-

kind of reasoning, such as being able to identify sub-goa

sd'(G) which necessarilyappear in the pursuit o6 and
sub-goalsg®(G) which possiblyso appear. The definition
for sg'(G) is thus

sd'(P;P) = sd'(P)usd'(P.)
sd'((B1:PL,....Bn:Pa)) = [ sd'(P)
1<i<n
sd'(Goal(s,P,f)) = {Goal(s,P f)}Usd'(P)
sd'(a) 0

and similarly forsg®(G) with N replaced withJ. Note
thatsd'(G) C sg?(G).

In general an agent will have a set of go@land it wants
to ensure that the addition of a given g@tioes not con-
flict with G. We say thatG andG = {Gy,...,G,} are
necessarily consisteriff all possible subgoals 06 and
all possible subgoals of a5 in G do not conflict, i.e.
vg € sg?(G).VG;j € G.vg; € sgP(Gi).ghgi, whereG11G; in-
dicates that the and f conditions forG; andG, are com-
patible. Similarly, we say thaG andG = {G;,...,Gn}
arenecessarily inconsisteiiff some necessary subgoal of
G and some necessary subgoal of @&yn G conflict, i.e.
dg € sd'(G).3G; € G.3g; € sd'(Gi).~(ghGi)-

I$haries for a goal depends on the classification of the re-
source and the way in which the sub-goals are combined
(i.e. whether they are sequential sub-goals or parallel sub-
goals). Due to space limitation we cannot provide for-
mal definitions and algorithms for deriving and using re-
source requirement summaries for goals, however we have
addressed them in other work (Thangarajah et al., 2002b)
which we will discuss in section 5.

If G andG are neither necessarily consistent nor neces-
sarily inconsistent then they apessibly consister{or, for

that matterpossibly inconsisteht In the case where two
goals are necessarily consistent we can achieve them con-
currently. If they are necessarily inconsistent then we need
to choose between them (Thangarajah et al., 2002hey

are possibly inconsistent then we need to choose consistent
means of achieving these goals.

Our framework also provides a suitable foundation for rea-
soning about positively interacting goals. We say that two
goalsG; andGy necessarily suppoeach other if there is
common necessary subgoal, i.8d'(G1) Nsd'(Gz) # 0.

For example, driving to the beach and driving to the garage
might both have the necessary subgoal of getting more
petrol (“Gas” in American English). However, this re-

The definition of necessarily (in)consistent only considersquires that any plans chosen must generatsdnessingle

goal compatibilityin detecting conflict between a new goal

G and the existing set of goas. However, we also need

sub-goal, which appears to be too strong, where it seems
more natural to require that for any plan choice, a common

to consider the resource requirements of goals and eNSULgh_goal, possibly depending on the plan choice made, can
that there are no conflicts with respect to the resource re5e made to arise. We thus define a weaker condition and

guirements ofz and that ofG.

say that two goal§&; and G, possibly supporeach other

We can define notions of necessary and possible resourcés1 = Go) if they either necessarily support each other or if

as we did for sub-goals, but there are some differences
the way we deal with goal compatibility amelsource com-

ifi) given a choice oP, from the set of plan§Pi,. .., P} as-
sociated withG; there exists a choice @j; from the set of

patibility. In goal compatibility we compare each sub-goal Plans{Qs,...,Qm} associated witl®;, such tha® = Qj;

of G with every sub-goal of every go&, in G and this

and (i) given a choice oQj there exists a choice &f such

is sufficient. However this would not suffice for resource thatP = Qj.
compatibility. For example assume that there are 50 unitote that it is entirely possible for both positive and nega-

of the resourceenergyavailable,G requires 20 units of
energy andG,, has twonecessargub-goalsSG andSG
that require 25 units of energy eadB.is compatible with
SG andSG individually (since 26+ 25 < 50) but not with
Gn becausé&s,, requires the combined resourcess@ and

tive interactions to occur simultaneously. Consider the fol-
lowing example (based on (Horty and Pollack, 2001)): we
need to travel to the airport to catch a 4pm flight and are
considering catching either a taxi (expensive but faster) or
a bus (cheaper but slower). We need to decide whether to

SG (i.e. 20+ (25+ 25) £ 50). Therefore it is necessary aqopt the goal of attending a meeting at 2:30pm. Assum-
to combine the resource requirements of the sub-goals Ofi%g the meeting is likely to run late and is being held at

goal in order to check for resource compatibility.

the university this would constrain us to catch a taxi and

14For example, that achieving one goal does not cause the othéhus attending the meeting is seen as less desimallen-

goal to fail.



text If the meeting were to be held at 3:30 at the universityThe GOAL language (Hindriks et al., 2001) uses declara-
then it would prevent us from reaching the airport in time, tive goals but lacks a sufficiently powerful notion of proce-
which makes attending the meeting impossible (assumingdural goals: plans cannot use sequences and are limited to
the flight is more important than the meeting). On the othetbeing reactive.

hand, if the rneetm_g were held atthe a!rport, then, since W?—|orty and Pollack (Horty and Pollack, 2001) formalise the
are already intending to travel to the airport, the cost of at-

tending the meeting lewerthan it would be, and hence in reasoning process for positively interacting (i.e. assisting)

this context, the meeting is seen as possible and desirabl%(.)als. by defining a_notlon of compatible plans _and of the
merging of (compatible) plans. The cost of a pfam con-

This example illustrates the sorts of reasoning that we wan{ . ) .
) xtC (where the two are compatible) is the difference be-
to be able to perform, namely assessing how goals can bo .
hinder and help other goals ween the cost of the pontext merged with the plan and the
' cost of the context on its owm(P /C) = k(P UC) —k(C).
Their work only addresses positive interactions and as-
5 Discussion sumes that plans can be (at least roughly) simulated and
that the cost of executing a plan can be at least approx-
imated®. By comparison, we reason directly about con-

We have proposed an explicit goal construct for agent Sys1‘_Iicts between goals and address both negative and positive

tems, based on the desired (declarative) properties of goalﬁiteraetions
and we have given an operational interpretation, via the '
rules of Section 3, which realises these properties. We havEhere is a considerable amount of work on conflict in agent
also discussed how reasoning about interactions betweesystems which addresses many different types of conflicts
goals, both positive and negative, can be performed withirat various levels (see for example (Tessier et al., 2000)).
our goal framework. We anticipate that this work will form By contrast, the main contribution of this paper isn’t ways
the basis of significant development of agent systems witlof dealing with conflict, but rather a realisation of goals
explicit representation of goals, including those based oiin BDI-like systems. This realisation provides an imple-
the popular BDI model, thus reducing the gap between thementablgoundationupon which conflict resolution can be
ory and practice, and enhancing the intelligent capabilitie$uilt, and alternative approaches compared.

of such systems.

Due to space limitations we did not provide details on hows 5 Euture Work
to derive resource summaries and the details of how they

can be used to detect conflict between goals with respeg,ore is a wide range of directions for future work includ-

to resource requirements. We have however addressed tl"'ﬁg: reasoning about plans; looking at attaching declar-

in (Thangarajah et al., 2002b). In that work we charaC-y4e information to program elements other than goals

terise different types of resources and define resource r‘?in particular to plans); investigating the use of other

quirements summaries. We give algorithms for derlV'ngforms of declarative assertions in addition to postconditions

resource requirements, using resource requirements to dfé g. preconditions, in-conditions (Clement and Durfee,

tect conflict, and performing dynamic updates of resource_Lg'ggb; Clement and Durfee, 1999a)); investigating how
requirements; we also discuss how conflict can be resolve%oal(s" P, ) allows for the derivation of potential pla

Although the operational behaviour of goals can be realiseffom s (and f) should the given plaf fail in achievings;

in BDI systems (using maintenance conditions), we be-€xtending to richer forms of goals including temporal logic
lieve that goals are a sufficiently key concept for intelligentand resources; and investigating the use of declarative as-
agents that they deserve to be represented directly. Furthepects of goals in debugging agent systems.

more, the declarative aspects are importe_mt and_by '®P'&e have addressed the issue of dealing with resource re-

senting goals we enable reasoning about interactions (boly i ements in detecting conflicts between goals. Future

positive and negative) to be done. work includes extending this concept to handle positive in-
teraction (co-operation) between goals with respect to re-

5.1 Related Work source requirements (e.g. there is a positive interaction be-
tween two goals if one goal renews a consumable resource

AgentSpeak (Rao, 1996) artd (Kinny, 2001) both cap- thatis necessary for the other goal).

ture in a formal way the semantics of a plan language in-

terpreter. They focus on capturing the essence of curre 15For practical reasons they do not compute the precise cost,

practice and as a result capture the weaknesses of (Cu”e%t)t rather maintain an approximation interval which contains the

BDI systems including the lack of declarative goals and astrye cost. In some cases decisions can be made based on the in-
sociated problems. terval without having to know the precise cost.
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