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Abstract. In an earlier paper [6] we presented a declarative approach for agent
control. In that work we described how control can be specified in terrogabé
theories which define declaratively the possible alternative behaviours of agents,
depending on their internal state and (their perception of) the external environ-
ment in which they are situated. This form of control has been adopted for logic-
basedKGP agentq8, 2]. In this paper we show how using this form of control
specification we can specify differeptofilesof agents, how they would vary the
behaviourof agents and what advantages they have with respect to factors in the
application and in the environment, such as time-criticality.

1 Introduction

In an earlier paper [6] we described how to specify control of agents via cycle theo-
ries. The approach is based on representing and reasoning with preferences and allows
flexible control of the operations of agents. This takes the control beyond a fixed one-
size-fits-all approach and allows the operations of the agents to be chosen dynamically
given the circumstances of the environment, the state of the agent and its preferences.
Cycle theories have been adopted as the means of control in the KGP agent model [8, 2]
developed within the SOCS projettKGP is a modular logic-based model developed

to cater for the challenges of open global computing environments. It relies upon a
collection of capabilities utilised within transitions controlled by cycle theories. All

the components are defined within computational logic, some using abductive logic
programming and others using logic programming with preferences. The capabilities
are designed to provide functionalities such as planning, reactivity, temporal reasoning
and goal decision, all of which have been envisaged useful, maybe even necessary,
for coping and adapting in a dynamic open environment. The KGP model has been
implemented within the PROSOCS platform [12].

The behaviour of KGP agents can be seen as the sequence of transitions or operations
they perform, and this sequence is determined by the agents’ cycle theories. Thus by
varying the cycle theory one can vary the behaviour of the agent. We have explored
a number of such variations resulting in different profiles of behaviour. In an earlier
paper [6] we briefly mentioned three, the focussed, careful and impatient profiles. In
this paper we detail the first two. We characterise them formally, show how to design
cycle theories that achieve them and discuss their advantages depending on the features
of the environment and application domains. Other profiles are described in [1].

! http://lia.deis.unibo.it/Research/Projects/SOCS/



The motivation for this work is threefold: 1) to explore the degree of heterogeneity that
can be achieved by varying cycle theories; 2) to explore the advantages of different
profiles of behaviour with respect to different parameters such as the dynamic nature
of the environment and the time-critical nature of applications; 3) to explore how such
analysis can provide guidelines for implementers who use the PROSOCS platform.
Environments and circumstances in which agents have to function can vary. Some en-
vironments can be fairly static and predictable, while others can be highly dynamic
and unpredictable. Agents may or may not have strict deadlines for their activities, and
agents’ resources may be limited, thus constraining what they can do, or they may have
few resource restrictions. What interests us in this paper is to explore what profiles of
behaviour would be advantageous in what type of environment and under what circum-
stances. Moreover, we would like to explore how to define such profiles by varying the
control strategies of agents defined via cycle theories.

The paper is organised as follows. In Section 2 we present two examples to motivate
the careful and focussed profiles. In Sections 3 and 4 we describe the necessary back-
ground to our work. In Section 5 we describe the careful and the focussed profiles in
detail, show the characteristics of cycle theories that provably achieve these profiles,
and discuss the pros of the two behaviour profiles. In Section 6 we conclude.

2 Motivating Examples

In this section we motivate, in the context of concrete examples, the two profiles we
will study and formally define later, in Section 5.

2.1 Careful profile

Intuitively an agent endowed with this profile frequently re-examines its commitments

to ensure that he honours only those that are feasible and necessary and he is not encum-
bered by any infeasible or unnecessary commitments. The advantage of such a profile
is evident in a dynamic, unpredictable environment.

Consider an agenrtwho has sent its registration form to a confereaeef05 and thus
believes that it has registered for the conference. But it now wishes not to be registered
at the conference. It sets itself this goal, and plans for it by generating an action to
cancel his registration abn f05. Suppose the agent knows that :

If it observes that the deadline for cancellation for a conference has reached
and it expects to cancel its registration at the conference then it should contact
its bank and tell them to stop its credit card payment to the conference.

Suppose before it has a chance to execute the action of cancellation of its registration it
receives a message from the conference secretary telling it that there was a problem with
its initial attempt at registration (for example the registration form arrived corrupted)
and so it is actually not registered.

An agent with the careful profile will immediately realise that there is no longer any
need to cancel its registration and consequently will not contact its bank to tell them to
stop the credit card payment. But, under the same circumstances, an agent with a differ-
ent profile might execute the (unnecessary) acts of contacting the bank and canceling
the payment.



2.2 Focused profile

An agent may attempt to plan for multiple goals at once or may plan for one goal at
a time. If the agent has limited resources it may be better off trying one goal at a time
because typically it may not have enough resources for achieving multiple goals, and
attempting to do so would only lead to time-wasting failures. This is the motivation
behind our focussed profile. An agent endowed with the focussed profile focuses on
one goal at a time.

Suppose an agent has two goals, one to have a particular book and the other to have
a particular CD. Suppose the book cof1® and the CLE15, and the agent h&20
available to spend. This agent cannot achieve both its goals, because due to its financial
constraints it cannot form a consistent plan that would achieve both goals. If the agent
has the focussed profile it will achieve one of them but if it has any other profile it may
not achieve either goal.

In the next two sections we give the background that is necessary in order to formally
define the profiles and show their consequences in terms of the behaviour of agents.

3 The KGP Model of Agency

Here we briefly summarise the KGP model for agents. Formal details can be found in
[8, 2]. This model relies upon
— aninternal (or mental) state
— a set ofreasoning capabilitiesin particular supporting planning, temporal reason-
ing, reactivity and goal decision,
— asensing capabilityallowing agents to observe their environment and actions by
other agents,
— aset oftransition rules defining how the state of the agent changes, and defined in
terms of the above capabilities,
— a set ofselection functiongo provide appropriate inputs to the transitions,
— acycle theoryfor deciding which transitions should be applied when, and defined
using the selection functions.

Internal state. This is a tuple{K B, Goals, Plan, TCS), where:

— KB is the knowledge base of the agent, and describes what the agent knows (or
believes) of itself and of the environmei.B consists of various modules support-
ing the different reasoning capabilities of agents, and includitgy, for holding
the (dynamic) knowledge of the agent about the external environment in which it is
situated.

— Goals is the set of properties that the agent wants to achieve, each one with an
associate time variable, possibly constrained by temporal constraints (belonging to
TCS), defining when the goals are expected to hold.

— Plan is a set of actions scheduled in order to satisfy goals. Each has an associated
time variable, possibly constrained by temporal constraint&ds, similarly to
Goals, but defining when the action should be executed and imposing a patrtial
order over actions i’lan. Each action is also equipped with the preconditions for
its successful execution.



— T'CSis a set of constraint atoms (referred tdemporal constrainfsin some given
underlying constraint language with respect to some structure equipped with a no-
tion of Constraint SatisfactionWe assume that the constraint predicates include
<, <, >, <,=,#. These constraints bind the time of goalsGaals and actions
in Plan. For example, they may specify a time window over which the time of an
action can be instantiated, at execution time.

Goals and actions are uniquely identified by their associated time variable, which is
implicitly existentially quantified within the overall state.

To aid revision and partial planninGoals and Plan form atree?. The tree is given im-
plicitly by associating with each goal and action its par@op-levelgoals and actions

are children of the root of the tree, represented by the (arbitrary) symbol

Reasoning capabilities. These include:

— Planning, generating a plan, if one exists in the overall state, for any given set of
input goals. These plans gpartial or total. A partial plan consists of (temporally
constrained) sub-goals and actiongofal plan consists solely of (temporally con-
strained) actions.

— Reactivity, reacting to perceived changes in the environment by modifyings,

Plan, andT'CS.

— Goal Decision, revising the top-most level goals by adapting the agent’s state to
changes in its own preferences and in the environment.

— Temporal Reasoning, reasoning about the evolving environment, and making pre-
dictions about properties holding in the environment, based on the partial informa-
tion the agent acquires.

Transitions. The state of an agent evolves by applying transition rules, which employ
capabilities and the Constraint Satisfaction. The transitions are:

— Goal Introduction (GI) changing the top-level goals, and using Goal Decision.

— Plan Introduction (PI) changingGoals and Plan, and using Planning.

— Reactivity (RE)changingZoals and Plan, and using the Reactivity capability.

— Sensing Introduction (SlxhangingPlan by introducing new sensing actions for
checking the preconditions of actions alreadyPitan, and using Sensing.

— Passive Observation Introduction (PQthangingK By by introducing unsolicited
information coming from the environment, and using Sensing.

— Active Observation Introduction (AQihangingK By by introducing the outcome
of (actively sought) sensing actions, and using Sensing.

— Action Execution (AE)executing actions, and thus changiiid3,.

— State Revision (SR)evisingGoals and Plan, and using Temporal Reasoning and
Constraint Satisfaction.

2 In the detailed model we actually have two trees, the first contaimimgreactivegoals and
actions, the second containingactivegoals and actions. All the top-level non-reactive goals
are either assigned to the agent by its designer at birth, or they are determined by the Goal
Decision capability, via the Gl transition (see below). All the top-level reactive goals and
actions are determined by the Reactivity capability, via the RE transition (see below). Here for
simplicity we overlook the distinction amongst the two trees.



The effect of transitions is dependent on the concrete time of their application. We
briefly describe SR, as it will play an important role in section 5. Informally speaking,
SR revises a state by removing (i) all timed-out goals and actions, (ii) all executed
actions, (iii) all goals that have become obsolete because they are already believed to
have been achieved, (iv) siblings (in the tree) of goals and actions deleted in (i), and
(v) all descendants (in the tree) of goals deleted in (i)-(iv). A goal or actidimisd-

outif and only if the temporal constrainfS8C'S of the state of the agent at the time of
application of SR constrain the time of the goal or action to be less than or equal to the
time of application of SR. A goal iachievedn a state if and only if it holds according

to the Temporal Reasoning capability.

Selection functions. Input to (some of the) transitions is given via selection functions,
taking the current stat€ and timer as input:

— action selection functigre 45 (S, 7), returning the set of actions i#to be executed
by AE at timer;

— goal selection functioreg s (.5, 7), returning the set of goals ifi to be planned for
by PI at timer;

— fluent selection functigr s (S, 7), returning the set of properties fiito be sensed
by AOI at timer;

— precondition selection functiorps(S, 7), returning the set of preconditions of
actions inS for which sensing actions are to be introduced by Sl at time

4 Cycle Theories

The behaviour of agents results from the application of transitions in sequences, re-
peatedly changing the state of the agent. These sequences are not fixed a priori, as in
conventional agent architectures, but are determined dynamically by reasoning with
declarative cycle theories, giving a form of flexible control. Cycle theories are given in
the framework of Logic Programming with Priorities (LPP). For the purposes of this
paper, we will assume that &fPP-theory referred to ag’, consists of four parts:

() alow-level partP, consisting of a logic program; each ruleftis assigned a name,
which is a term; e.g., one such rule, with nan{&X), could be
n(X) : p(X) — q(X,Y),r(Y)

(i) a high-level partH, specifying conditional, dynamic priorities amongst rule$’in
e.g., one such priority rule, calléd X'), could beh(X) : n(X) = m(X) « ¢(X),
to be read: if (some instance of) the condititX') holds, then the rule i® with
name (the corresponding instance®f)X ) should be given higher priority than the
rule in P with name (the corresponding instance @f)X ).

(iii) an auxiliary partA, defining predicates occurring in the conditions of rules’in
andH and not in the conclusions of any rule i

(iv) a notion of incompatibility, here given as a set of rules defining the predicate
incompatible, €.9.incompatible(p(X),p' (X)), to be read: any instance of the
literal p(X) is incompatible with the corresponding instance of the litpfakX).
We refer to the set of all incompatibility rules &s



Any concrete LPP framework is equipped with a notion of entailment, that we denote
by =, Intuitively, T |=,,« iff « is the “conclusion” of a sub-theory @ U A which is
“preferred” with respect tdf U A in 7 over any other sub-theory ¢t U A that derives

a “conclusion” incompatible witlv (with respect td’). Here, we are assuming that the
underlying logic programming language is equipped with a notion of “entailment” that
allows to draw “conclusions”. In [10, 9, 7, 5, 3k, is defined via argumentation.

Formalisation of Cycle theories. Here and in the rest of the paper, we will use notation
T(S,X,S’, T) to represent application of transitidhat timer in stateS, given input

X, resulting in stateS’, and notation«7'(S, X) to represent that transitiofi can be
potentially chosen as the next transition in stétevith input X .

Formally, a cycle theory,,.;. consists of the following parts.

— Aninitial part7;,.:q:, that determines the possible transitions that the agent could
perform when it starts to operate. Concretély,;;;,; consists of rules of the form
*T'(So, X) < C(So, 7, X), now(r)
which we refer to via the nanmR(So, X). These rules sanction that, if condi-
tions C hold in the initial stateS, at the initial timer, then the initial transition
could beT', applied to staté, and inputX.
— A basicpart 7. that determines the possible transitions following given transi-
tions, and consists of rules of the form
«T'(S", X") —T(S,X,S,7), EC(S", 7", X"), now(r")
which we refer to via the nam®&, 7/ (S’, X'). These rules sanction that, after
transition7' has been executed, starting at timén the stateS and resulting in
stateS’, and the condition&C' evaluated inS’ at the current time’ are satisfied,
then transitiori7” could be the next transition to be appliedSf with input X".
EC are callecenabling conditionsis they determine wheff can be applied after
T. They also determine inpUt’ for 7", via calls to selection functions.
— A behavioumart7y.q.viour that contains rules describing dynamic priorities amongst
rules in7pu i aNd7;5tiq1- RUIES INTpehaviowr are of the form
RT\T’ (S, X/) - RT|T//(S, X”) HBC(S, X/, X”, T), TlOU}(T)
with 77 # T", which we will refer to via the nam®7, .. Recall thatR 7 (-)
andRyr~ () are (names of) rules ifyqsic U Zinitiar- NOte that, with an abuse of
notation, 7’ could be 0 in the case that one such rule is used to specify a priority over
thefirst transition to take place, in other words, when the priority is over rules in
Tinitial- These rules iffy.hqvionr SANCtion that, at the current timeafter transition
T, if the conditionsBC hold, then we prefer the next transition to BeoverT"”.
The conditionsBC are callecbehaviour conditionand give the behavioural profile
of the agent.
— An auxiliary partincluding definitions for any predicates occurring in the enabling
and behaviour conditions.
— An incompatibility part in effect expressing that only one (instance of a) transition
can be chosen at any one time.

Hence:]z:ycle is an LPP'theory where: (H = TinitiatYTpasic, and (")H = Tyehaviour-



Operational Trace. The cycle theoryl.,.;. of an agent is responsible for its behaviour,
in that it induces aoperational traceof the agent, namely a (typically infinite) sequence
of transitions
T1(So0, X1,51,71), -, Ti(Si—1, Xi, Si, 73), Tig1(Siy Xig1, Sig1, Tig1), - - -
such that
— S is the given initial state;
— for eachi > 1, 7; is given by the clock of the system; (< 7;+);
- (,zrcycle - %asic) A ’nOU](Tl) ):pT ¥ (So, Xl),
— foreachi > 1
(Zeyete — Tinitiat) N Ti(Si—1, X, Si, 1) Anow(Tig1) Fpr ¥Tip1(Si, Xig1)
namely each (non-final) transition in a sequence is followed by the most preferred tran-
sition, as specified b¥.,.... If, at some stage, the most preferred transition determined
by [=,. is not unique, we choose one arbitrarily.

Normal cycle theory. In defining profiles in section 5 we take thermal cycle theory

as a starting point. This specifies a pattern of operation where the agent prefers to follow
a sequence of transitions that allows it to achieve its goals in a way that matches an
expected “normal” behaviour. Basically, the “normal” agent first introduces goals (if

it has none to start with) via Gl, then reacts to them, via RE, and then repeats the
process of planning for them, via PIl, executing (part of) the chosen plans, via AE,
revising its state, via SR, until all goals are dealt with (successfully or revised away).
At this point the agent returns to introducing new goals via Gl and repeating the above
process. Whenever in this process the agent is interrupted via a passive observation,
via POlI, it chooses to introduce new goals via Gl, to take into account any changes
in the environment. Whenever it has actions which are “unreliable”, in the sense that
their preconditions definitely need to be checked, the agent senses them (via Sl) before
executing the action. Whenever it has actions which are “unreliable”, in the sense that
their effects definitely need to be checked, the agent actively introduces actions that
aim at sensing these effects, via AOI, after having executed the original actions. The
full definition of the normal cycle theory is given in the appendix.

5 Behaviour Profiles

In this section we explore how cycle theories can be used to specify different profiles
of behaviour. We concentrate on two profiles, tlagefuland thefocussed

In the careful profile the behaviour of the agent is such that it would re-examine its

commitments in terms of its goals and plans frequently to discard those that are no
longer needed or have become infeasible. Intuitively, this profile would be suitable for a
changing environment that intervenes in the agent’s operations, and the frequent "self-
examination” of the agent can help it avoid being occupied with unnecessary activity

or activity which is bound to fail. It also ensures that the agent’s operations are not

hindered by superfluous items in the state and that reactive rules will not be triggered
unnecessarily by goals/actions that are timed-out and not achieved/executed.

With the focussed profile the agent concentrates on one (top-level) goal at a time and
only moves to other goals when that goal is achieved or is timed out. Intuitively this



profile is useful when the agent has goals that have become mutually unachievable. By
being focussed the agent increases its chances of achieving at least some of them.
Below we proceed to define each of the two profiles by giving a formal definition in
terms of trace characteristics, followed by specification of cycle theories that will in-
duce such traces. We then proceed to prove the advantages of the profile depending on
particular characteristics of the application.

5.1 Careful Profile

Definition 1 (Careful profile: trace-based characterisation).A careful agent is an
agent that will never generate an operational trace with two consecutive transitions
that are different from SR.

In fact, this condition is stronger than strictly necessary: As long as there are no re-
dundant or infeasible goals or actions no revision would be required. However, from
a pragmatic point of view, Definition 1 nevertheless provides us with an appropriate
characterisation of careful agents. This is so, becahsekingwhether or not a state
includes redundant or infeasible goals or actions to be revised is just as costly as per-
forming a state revision in the first place.

Our next goal is to define a class of cycle theories that are guaranteed to induce an
operational trace where every other transition is an SR. As we shall see this is not
as straightforward a goal as it may seem. To illustrate the difficulties and to motivate
our choices (which are eventually going to overcome these difficulties), we start by
attempting to define a careful cycle theory as an extension of the normal cycle theory.

The normal-careful cycle theory. There are several ways of combining cycle theories
(in this case the normal cycle theory with the core rules necessary for characterising the
careful profile). One option would be to take the union of the two cycle theories (which
are sets of basic and behaviour rules) and then, where necessary, to introduce additional
behaviour rules that determine the agent’s behaviour in case of conflict between the
rules stemming from the different parts. Another way, which gives the profile designer
less freedom but which results in much simpler cycle theories, would be to work at the
level of basic rules as far as possible and to use suitable enabling conditions to control
the agent’s behaviour. This is the approach we are going to follow here.
To design a careful agent, we need to ensure that basic rules expressiagshauld
follow any other transitiorl” get priority over any conflicting rules. Instead of using
behaviour rules to this effect, we are simply going to delete such conflicting rules in the
first place. Hence, we end up with the following approach:

— Step 1:Take the normal cycle theory as a starting point.

— Step 2:Remove any basic rules (if,. ;) that speak about two consecutive tran-

sitions both of which are different frol8R
— Step 3Add the following basic rule (t@3,s;.) for eachT different fromSR:

Rerisr(S, {}) 1 *xSR(S",{}) « T(S, X, S, 7)

Note that there cannot be any enabling conditions in this kind of new 8iReteeds

to be enabled undemy circumstances. Note also that Step 3 might re-introduce rules
which already belong @, ;.. This causes no theoretical or practical problem. We thus
end up with the followinghormal-careful cycle theory:



— Tinitial 1S @s for the normal cycle theory.
— Tpasic CONsists of the above rules of the fofy| 5z and of the following rules:

Rsrpr(S',Gs) : xPI(S',Gs) «— SR(S,{},5',7"),Gs = cas(S',7),Gs # {},now(r)
Rsricr(S',{}) : *GI(S',{}) — SR(S,{},5",7"),Gs = cas(S',7),Gs = {}, now(r)

Trasic dO€S Not contain any other rules, because all the remaining basic rules in
the normal cycle theory speak about transitions that should follow transitions other
thanSRand these are fixed for the careful profile.

— Thehaviour 1S €Mpty. Indeed, it turns out that also all of the rulesignqviour iN
the normal cycle theory aredundant because they speak about what to do after a
transition other thasR

In summary, the normal-careful cycle theory will force an agent to alternate be®Ren
andPI or GI (depending on whether there are currently goals to plan for or not). Such
an agent would be careful, but not very useful. Below we improve the cycle theory to
overcome this inadequacy.

The core-careful cycle theory. We improve the normal-careful cycle theory by adding
that every transition excel@R itself, should be enabled aft&R Thus, 7. in the
core-careful cycle theorgontains, in addition to the basic rules in the normal-careful
cycle theory, the following rules:

RSR|RE(S/5 {}) : *RE(S/v {}) — SR(S7 {}7Sl77—)

Rsrjap(S’', As) : xAE(S', As) «— SR(S,{},5',7'), As = cas(5',7), As # {}, now(r)
Rsrisi(S', Ps) : «SI(S', Ps) — SR(S,{},S",7"), Ps = cps(S',7), Ps # {}, now(r)
Rsriaor(S', Fs) : *xAOI(S', Fs) — SR(S,{},5,7'),Fs = crs(S',7), Fs # {},now(7)
RSR|POI(S/a {}) : *POI(S/’ {}) - SR(S7 {}’ Slv T)

The following proposition states therrespondencéetween thecore-careful cycle
theoryand the (trace-based characterisation of the) careful profile given in Definition 1:

Proposition 1 (Careful profile). The core-careful cycle theory induces the careful pro-
file of behaviour: Any agent using this cycle theory will never generate an operational
trace with two consecutive transitions that are different from SR.

Proof. This follows immediately from the fact that the basic part of the cycle theory
forces an SR after every other type of transition, and there is exactly one basic rule to
determine the follow-up of any transition different fradiR

Other careful cycle theories The two careful cycle theories we have considered so
far are just two examples; there is a range of cycle theories that conform to the careful
behaviour profile. Our second example, the core-careful cycle theory is the most general
cycle theory conforming to the careful profile.
For concrete applications, we may wish to combine the features of careful behaviour
with other more specific features. We can construct a careful cycle theory of our choice
by taking the core-careful cycle theory as a starting point and then imposing additional
behaviour constraints using the following means:

— strengthening the enabling conditions in basic rules that determine the follow-up

transition for an SR;
— deleting basic rules that determine the follow-up transition for an SR;



— adding any kind of behaviour rules;
— deleting rules that have become redundant due to other changes.

Note, however, that weannotadd any enabling conditions to the basic rules that state
that SRhas to follow any other transition. Otherwise, the resulting cycle theory cannot
be guaranteed to conform to the careful profile of behaviour anymore. We also cannot
delete such a rule, unless it has already become redundant due to other changes in
the cycle theory. On the other hand, we do have complete freedom with respect to the
behaviour rules we might wish to add, because the basic rules never admit any conflict
as to what transition to choose after a transition different f&Rin the first place.

Clearly, any such careful cycle theory will also induce the careful profile of behaviour

in the sense of Proposition 1.

A property of the careful profile. Informally, under certain circumstances:

— Careful agents will never generate a reaction via the reactivity transition to timed-
out unachieved goals or timed-out unexecuted actions.

— Careful agents will never generate a reaction via the reactivity transition to actions
that may not be timed out yet but which are unexecuted and are no longer necessary.

More formally:

Theorem 1. The following will never contribute to the generation of a reaction (i.e. an
action in Plan or goal in Goals) via the RE transition:

1. atimed-out unexecuted action,

2. atimed-out unachieved goal,

3. an unexecuted action whose execution is no longer needed, i.e.
(a) with an ancestor which has already been achieved, or
(b) with a sibling that has been timed-out, or
(c) with an ancestor which has been timed-out,

provided that no action and no goal is timed out between an SR transition and its
immediate successor if that is an RE transition.

Proof. Let the assumption hold that no action and no goal is timed out between an SR
transition and its immediate successor if that is an RE transition. Suppose a careful agent
applies RE in a stat8 = (K B, Goals, Plan, TCS). Then by Definition 1, because

SR must have been applied in the state immediately prid¥, two action or goal of the

type specified in 1-3, above exists in stateTherefore no such action or goal could
possibly contribute to the generation of any reaction by RE.

5.2 Focussed Profile

In thefocussedrofile of behaviour an agent does not plan for more than one top-level
goal at atime. More specifically, a focussed agent remains committed to a goal amongst
its top-level goals until

— that goal has been successfully achieved, or

— that goal has become infeasible, or

— that goal is not preferred by the Goal Decision capability anymore, when invoked
by theGl transition, or



— that goal has an empty plan in the stte.
The advantages of the focussed profile come into effect in highly time-critical domains
as well as domains where an agent has several goals with mutually incompatible plans.
In such situations, a focussed agent can be expected to achieve, at least, some goals,
whereby an unfocussed agent may fail completely. This applies, in particular, to agents
that have a preference for total planning. By concentrating planning on a single goal at
a time, a focussed agent is likely to be faster and it will also avoid wasting computing
resources over incompatible plans for other goals.
Formally, the focussed profile has the following characteristic: A focussed agent, un-
der no circumstances, will generate an operational trace that includes a state with two
distinct top-level goals with children, neither of which is either achieved or infeasible.
Here, a goal- is calledfeasibleiff neither itself nor any of its descendents is timed-out.
Note that this notion of infeasibility need not persist. A géamay, at some point,
be infeasible, because an action in its current plan is timed-outz7buty again be-
come feasible later on, after the agent has revised its state and computed a new plan.
Therefore, the only way to ensure that switching to a new top-level goal for planning
is admissible (under the focussed profile) is to first check that infeasible goalsayill
infeasible. This requires an SR. Hence, we can give the following alternative definition
of the focussed profile, which is simpler than our earlier definition.

Definition 2 (Focussed profile: trace-based characterisation)A focussed agent is
an agent that, under no circumstances, will generate an operational trace that includes
a state with two top-level goals with children.

This definition is stronger (more restrictive) than our first definition, but as argued ear-
lier, it is operationally equivalent to that definition, because an agent can only be sure
that switching goals will not violate the focussed profile after having executed an SR
(or after having performed an analogous check).

Possible extensionsNote that, according to our definition, focussed agents do not deal
with more than one top-level goal at a time, but may switch between top-level goals in
some situations, as exemplified by the following example.

Example 1.Consider the following (portion of a) trace:
.., SR(S,{},S, 1), PI(S',Gs,S", 1), ...

with the top-level goals of, S, S” given by{G1, G2 }. Assume tha€, already has got
aplaninsS, i.e. the set of items itroals(S) U Plan(S) with ancestoG; is hot empty.
Assume also that; has no planirb, i.e. the set of items itFoals(S) U Plan(S) with
ancestoi; is empty. Suppose that all items in the planérin S are timed-out at,

and thusS’ is such thaGoals(S") is the set of all top-level goals iff andPlan(S") =

{}. Suppose also that neithét; nor G, are timed-out or achieved at, but Pl is
introducing a plan foiG,, so that the set of items iGoals(S”) U Plan(S") with
ancestor7, is not empty. The agent with this trace is focussed according to definition 2.
However, it does switch from dealing with gd@ll to dealing with goal=5, despite goal

(G1 being still unachieved and feasible.

% The need for this last item will become clear in Example 1.



Definition 2 of focussed agent may be modified to prevent goal switching, by com-
paring successive agent states in traces and force that once an agent has been plan-
ning/executing for one top-most level goal in one state, it must stick to that goal in suc-
cessive states, until the goal has been achieved or has become unachievable. This would
amount to getting rid of the last item in the informal description of focussed agent at
the beginning of Section 5.2 (and adding some other suitable conditions instead). This
stronger definition of focussed agent would however force extending the notion of cy-
cle theory and operational trace, either by looking at histories of transitions rather than
individual transitions when deciding on the next transition, or by introducing additional
information into cycle theories, such as variables holding the current top-level goal be-
ing dealt with. We therefore leave the stronger definition to future work.

Note also that our notion of focussed agent only refereslevelgoals, and not to
sub-goals or actions. The notion of focussed agent could be extended so as to define
agents that are focussed all the way, from top-level goals down.

Focussed Cycle TheoriesTo achieve the abstract specification, we need a cycle theory
that ensures that before any Pl an SR has been performed. This is to ensure that we can
proceed with planning for a top-level goal even if some of its current children have
become infeasible. However, rather than implementing this behaviour directly, we are
going to ensure that Pl is only enabled with respect to a set of goals that a focussed
agent may plan for given its current state according to the Definition 2. (This, in effect,
encourages an SR transition when a PI transition is not enabled.)

Definition 3 (Focussed cycle theoriesA cycle theory is called focussed iff the initial
rule Ro|pr(S,Gs) (in Tinitiar) @and the basic rule (ifyqsic) Ro|p1(S, Gs) for any
transitionT include the enabling conditiofiocussed(Gs', S, Gs), where:
— given thatGs is the set of goals to which PI will be applied atd’ © Gs is the
set of goals returned by the goal selection function, then
— the predicatefocussed (Gs', S, Gs) holds iff all the goals inG's are descendants of
the same top-level goal (possibly including that top-level goal itself) and no other
top-level goal has got any children.

The focussed variant of the normal cycle theory would havg,ip;.; the rule
Roip1(S0, Gs) : *PI(So,Gs) — Gs' = cas(So,T),

focussed(Gs', So, Gs),Gs # {}, now(r)
instead of the original rule

Roip1(So, Gs) : «PI(So,Gs) «— Gs = cas(So,7),Gs # {}, now(r)

Similarly, the focussed variant of the normal cycle theory would ha& jg. the rule

Rappr(S',Gs) : *PI(S',Gs) — AE(S, As,S',7'),Gs" = cas(S', 1),
focussed(Gs', S, Gs), Gs # {}, now(r)
instead of the original rule
Rapp1(S',Gs) : *PI(S',Gs) — AE(S, As, S, 7"),Gs = cas(S',7),Gs # {}, now(r)

The correspondencéetween the trace-based characterisation offtlhassed profile
and the class of focussed cycle theories may be stated as follows:



Proposition 2 (Focussed profile)Any cycle theory that is focussed according to Def-
inition 3 induces the focussed profile of behaviour according to Definition 2.

Proof. The enabling conditioffocussed(Gs’, S, Gs) restricts the set of goals for which

the agent may plan to precisely the set of goals that are available for planning according
to the trace-based characterisation of the focussed profile. The claimed correspondence
then follows immediately from the fact that PI is the only transition that can add non-
top-level goals to a state.

A property of the focussed profile. Let a focussed agent be one equipped with a
focussed cycle theory, and a normal agent be one equipped with the normal cycle theory.
Then if the two agents have a set of goals for which they have no compatible plans then
the focussed agent may be able to achieve at least some of its goals while the normal
agent may not be able to achieve any of the goals. The theorem below shows under what
conditions the focussed agent is guaranteed to achieve more of its goals compared to
the normal agent. Note that conditions 1-6 simply set the scene for the theorem whereas
conditions 7-9 restrict features of the environment and the application.

Theorem 2. Let f be a focussed agent amdbe a normal agent. Lef andn be in a
stateS = (K B, Goals, Plan, TC'S) at timer such that all the conditions below hold:
1. Plan is empty.
2. Goals consists of top-level goal§1, ...,G,,n > 14
3. The goal selection function, in stafe at all times7’, 7/ > 7, selects the same set
of k goals for somd < k < n, until one or more such goals are achieved. Assume
these goals aréGy, . . ., Gy }, without loss of generality.
The agents’ Pl transition produces a total plan for all its input goals.
At all times afterr, given input goal§ Gy, . .., Gy}, the agents’ PI transition re-
turns no plan, because none exists in the overall state.
6. At all times afterr, given input goaldG;}, i = 1,...k, the agents’ Pl transition
returns a (total) plan.

Then, f will achieve at least one of the goals amon@st . .. ,G,,, whilen will achieve
none of them, provided that:

7. The agents’ RE transition generates no goals or actions.

8. No POlI, AOI transitions are performed, and no Gl transition is performed after the
establishment of top-level goals,, ... G,.

9. Goals and actions are non-time critical, i.e. no goal or action is timed out.

ok

Proof. (Sketch) Consider the case of the normal ageily conditions 3,5,7,8 the state

of n remains the same (although time progresses). In this state, by conditions 3 and 5,
n can never make any progress towards achieving any of its top-level goals.

Now consider the case of the focussed agentt some timer;, 7, > 7, f performs Pl.

By conditions 3 and 6 and the definition of the focussed profile a@oal = 1, .. . k,

is selected and PI succeeds in producing a complete plaffcand updates its state

by adding all the produced actionbs to its Plan and updatingl’C'S appropriately.

4 Conditions 1. and 2. can arise, for examplef #indn have just executed Gl starting from the
same initial state.



These new actions will then all be executed. They will not be timed-out by condition 9.
So they may be removed from the state of the agent by SR only if their associated goal
is achieved. Any new goals and actions that may be introduced by later applications of
P1 will not interfere with the execution of the actions in As. Therefore, finally, after all
the actions are executed, it will be possible to prove by the Temporal Reasoning that
goal G; which was selected at time is achieved.

Note that conditions 7-9 are sufficient but not necessary conditions. For example con-
dition 8 can be replaced with one that requires only that any observation recorded as
a result of a POl is “independent” of the godls, ..., G,, and allows Gl transitions

but imposes restrictions on their frequency. It is possible to construct examples where
some, possibly many, of conditions 7—9 do not hold, but still the focussed agent per-
forms better than the normal one in goal achievement terms.

6 Conclusion

In this paper, building on our earlier work [6], we have further explored the use of
cycle theories for declarative control of agents. We showed how in the case of KGP
agents we can define concrete and useful agent profiles or personalities by varying the
rules in cycle theories. We showed two such profiles in detail, careful and focussed,
and exemplified and formally proved their advantages. The cycle theories for these two
profiles are no more complicated than the normal cycle theory, and possibly, in the case
of the careful profile, the cycle theory is simpler.

The careful profile is best suited to a dynamic unpredictable environment, but one in
which the agent does not have strict deadlines. The focussed profile is best suited to
resource-bounded agents. The theoretical analysis of the profiles not only allows ex-
ploration of heterogeneity of agents, but it can also provide guidelines to designers of
agents and implementers, for example those using the PROSOCS platform. There is
scope for exploring a number of other profiles, some of which have been introduced in
[1]. Exploring other profiles, parameterising their advantages and disadvantages accord-
ing to factors in the environment and application domains and exploring how profiles
can be usefully combined are subjects of current and future research. Currently we see
no problem in combining the careful and focussed profiles.

Our work on profiles shares some of the objectives of the work on commitment strate-
gies based on the BDI model [11]. Three commitment strategies have been defined,
blind, single mindedandopen mindedThey are defined by expressing relationships
between current and future intentions. A blindly committed agent, for example, main-
tains its intentions as long as it believes that it has achieved them, while a single minded
agent maintains its intentions until it believes they are achievable. Our work on profiles
and their consequences goes some way beyond these commitment strategies.

Our approach shares the aims of 3APL [4] to make it possible to program the agent cycle
and make the selection mechanisms explicit. But it goes beyond 3APL by abandoning
the concept of fixed cycles and replacing it with dynamic programmable cycle theories.
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Normal cycle theory in full

Znitial:

Rojc1(So,{}) : *GI(So,{}) < empty_goals(Sy)

Ropr(So,Gs) : xPI(Sy,Gs) «— Gs = cgs(So, ), Gs # {}, now(r)

Roipor (S0, {}) : *POI(So,{}) < poi_pending(r), now(r)

%asic:

rules for deciding what might follow AE:

Ragpr(S',Gs) : *PI(S',Gs) «— AE(S,As,S',7'),Gs = cas(S',7),Gs #
{}, now(7)

Rapjap(S',As') - xAE(S', As') «—AE(S, As, 5", 7"), As' = cas(5',7), As' #
{}, now(r)

Ragjaor(S', Fs) : xAOI(S', F's) « AE(S,As,S',7'),Fs = cps(S',7), F's #
{1, now(r)

RAE|SR(S/’ {}) : *SR(S/’ {}) — AE(Sv AS? SlvT/)

RAE|G](SI, {}) : *GI(S/, {}) — AE’(S7 AS7 S/, T/)

rules for deciding what might follow SR:



Rsripr(S',Gs) : xPI(S',Gs) «— SR(S,{},5,7'),Gs = cgs(5',7),Gs #
{}, now(7)

Rsricr(S',{}) : *GI(S',{}) < SR(S,{},5'7"),Gs = cas(5',7),Gs = {}, now(r)
rules for deciding what might follow PI:

Rprap(S',As) : xAE(S', As) « PI(S,Gs,8',7'),As = cas(S',7),As #
{}, now(7)

Rprsi(S’,Ps) : *SI(S', Ps) «— PI(S,Gs,S",7"),Ps = cps(S’,7),Ps #
{}, now(t)

rules for deciding what might follow GI:

RGIIRE(S/a{}) : *RE(Sla{}) — GI(Sv{}v’S/’T)

Rerpi(S',Gs) + *PI(S',Gs) — GI(S,{},5',7"),Gs = cas(5',7),Gs #
{}, now(t)

rules for deciding what might follow RE:

RRE‘p[(S',GS) : *PI(S/,GS) — RE(S,{},S/,T/),GS = Ccs(S,,’T),GS 7&

{}, now(r)
Rre|si(S', Ps) : xSI(S",Ps) «— RE(S,{},S',7"),Ps = cps(S',7),Ps #
{} now(r)
Rrejap(S',As) : *AE(S', As) «— RE(S,{},S',7"),As = cas(5',7),As #
{},not(r)

Rrpisr(S{}) : #SR(S',{}) — RE(S,{},5",7')
rules for deciding what might follow SI:
Rsrjap(S’, As) « xAE(S', As) «— SI(S,Ps,S',7"),As = cas(S',7),As #
{}, now(r)
rules for deciding what might follow AOI :
Raornae(S', As) . xAE(S’, As) « AOI(S, Fs,5',7'),As = cas(S',7), As #
{}, now(r)
Raorsr(S", {}) : *SR(S",{}) — AOI(S, F's, 5", 7')
Raonsi(S', Ps) : xSI(S', Ps) «— AOI(S,Fs,S',7")Ps = cps(5',7), Ps #
{3} now(r)
rules for deciding when POI should take place
Rrpor(8',{}) : xPOI(S', {}) < T(S, X, S, 7"), poi_pending(t), now(r)
for all transitionsT;
rules for deciding what might follow POI:
RPO[|G1(S/7 {}) : *GI(SI7 {}) — POI(Sv {}7 Slv 7—)
Rponre(S'{}) : *RE(S',{}) «— POI(S,{},5",7)
RPOI|SR(S/a {}) : *SR<S,7 {}) — POI(Sv {}7 Sl? T)
behaviour-
Gl is given higher priority if there are no goals in Goals and actions in Plan;:
Pérsr : Rricr(S,{}) = Ry (S, X) — empty_goals(S), empty_plan(S)
forall T, T', with T # GI andT possibly O;
Gl is also given higher priority after a POI :
ngIT : RPOI|GI(S/) - RPOI|T(Sa Sl) forall T #+ GI;
after Gl, RE is given higher priority :
’Pgé>-T : RGI\RE(Sa {}) - RGI|T(S,X) forall T 7£ RE,
after RE, Pl is given higher priority :
,PIID%IE>T ZRRE‘p[(S,GS) - RRE|T(SaX) for a”T#PI,



after PI, AE is given higher priority, unless there are actions in the actions se-
lected for execution whose preconditions are “unreliable” and need checking,

in which case Sl will be given higher priority:

PYE Rprae(S, As) = Rpr(S, X) < not unreliable_pre(As)

forall T # AF,

PgLT :Rprsi(S, Ps) = Rprr(S, As) < unreliable_pre(As)

forall T # S1;

after Sl, AE is given higher priority :

P§1E>-T IRSI‘AE(S,AS) - RS]‘T(S7X) for aIIT;«é AF;

after AE, AE should be given higher priority until there are no more actions

to execute in Plan, in which case either AOI or SR should be given higher
priority, depending on whether there are actions which are “unreliable”, in

the sense that their effects need checking, or not

PAE>—T RAE\AE(S AS) FRAE\T(S X) foraIIT;AAE

P&t 1 Rapjao1(S, Fs) = Rap (S, X) < empty_executable_plan(S), unreliable_post(S)
forall T # AOI;

P§4}§>T :Rap|sr(S,{}) = Ragir(S, X) « empty_executable_plan(S), not unreliable_post(S)
forall T # SR;

after SR, PI should have higher priority:

,Pg}i-T ZRSR‘p](S7 GS) - RSR|T(S7{}) forall T # PI,;

after any transition, POI is preferred over all other transitions:

Phiq « Rrjor(S) = Ry (S, X)  forall T, T, with T" # POI andT
possibly 0;

in the initial state, PI is given higher priority :

Plror i Rojp1(S,Gs) = Royr(S, X) forall T # PI,;

The auxiliary part includes definitions fempty_goals, unreliable_pre, unreliable_post,
empty_executable_plan, poi_pending etc. Note thapoi_pending(7) holds when

there is an input from the environment pending.



