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ABSTRACT

Goals are an important concept in intelligent agent systems,
and can take a variety of forms. One such form is mainte-
nance goals, which, unlike achievement goals, define states
that must remain true, rather than a state that is to be
achieved. Maintenance goals are generally restricted to act-
ing as trigger conditions for goals or plans, and often take
no part in any deliberation process. These goals are reactive
and are only acted upon when the maintenance conditions
are no longer true. In this paper, we study maintenance
goals that are proactive, in that the agent system needs to
not only react when the maintenance conditions fail, but also
anticipate the failures of these conditions, and act in order to
avoid them failing. This can be done by performing actions
that prevent the condition from failing, or suspending goals
that will cause the maintenance conditions to fail. We pro-
vide a representation for maintenance goals that captures
both their reactive and proactive aspects, algorithms that
identify in advance where maintenance conditions may not
hold, and mechanisms for enabling preventative actions in
such situations. We also provide some experimental results
on an implementation of these ideas.
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1. INTRODUCTION

Goals are a crucial concept in agent programming lan-
guages. Agent properties such as proactiveness, reactivity,
autonomy and social ability can be described in terms of the
goals of the agent. A proactive agent is required to actively
work towards achieving its goals, while a reactive agent is
required to adapt to environmental changes in order to max-
imise its ability to achieve its goals. An autonomous agent
is free to choose how to achieve its goals, how to resolve
conflicts between its goals and whether to drop goals which
appear to be unachievable. A social agent may choose to
adopt a goal on a request from another agent, or to request
another agent to adopt one of its goals. Accordingly, there
are a number of agent systems in which goals are a central
concept, such as 3APL[5], KAOS[4], and Tropos|7].

Goals can hence be seen as a link between the agent’s rea-
soning and its actions; actions are only undertaken in order
to achieve one or more of the agent’s goals, and changes in
the status of the agent’s goals are reflected in changes in its
actions.

For the most part, goals in agent systems are achievement
goals, i.e. goals which are not currently true, and which the
agent, by means of pursuing the appropriate actions, acts to
make true. However, the agent has no obligation once the
goal becomes true, in that there is no requirement to act to
ensure that goal remains true.

There are some systems (such as Jadex[9] and JAM][8])
which include maintenance goals as well as achievement goals.
In such systems, a maintenance goal is one which is initially
true, and if it becomes false, the agent will take action to
make it become true. Hence such goals act as a trigger, in
that it is only when they become false that any action is
taken. We refer to such goals as reactive maintenance goals,
as no action is taken for such goals until the goal becomes
false.

In this paper we extend the notion of maintenance goals to
include proactive behaviour as well. In other words, an agent
may take action not only to bring about an achievement goal
or in response to a maintenance goal becoming false, but also
to ensure that a maintenance goal will remain true. Hence
the agent reasons about possible future events, and perform
actions to avoid maintenance goals becoming false (as well
as possibly taking actions if any such goals do become false).

For example, consider an agent controlling a Mars Rover,
which has a number of target locations it is required to
visit (the agent’s achievement goals), while ensuring that
certain conditions related to the safe operation of the rover
are maintained (the agent’s maintenance goals). A typical
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example of a maintenance goal could be to ensure that the
rover has sufficient battery charge to perform its activities,
recharging when it has less than 20% of its battery remaining
[1]. The rover knows several locations where it can recharge
its battery. The process of moving consumes charge, and
the electrical usage of the rover may be predictable in some
cases (for example, where the rover has visited some loca-
tion before). In such a case, the rover can determine how
much charge it will use, and the expected battery level it will
have upon reaching its destination. It would appear ratio-
nal for a rover to anticipate that its maintenance condition
may be unsatisfied if it attempts to move towards the loca-
tion immediately — instead, it should take the opportunity
to recharge its battery whilst it is near the charger, prior to
moving to a distant location.

A second example can be found in the domain of auto-
nomic computing. An intelligent operating system may be
given the goal to maintain the availability of a cluster of
machines by preventing all machines being shut down at
once. There is no obvious mechanism that would allow a
reactive maintenance goal to ensure that all machines are
active, without first allowing all machines to be shut down,
recognising that the maintenance condition is violated, and
restarting a machine to re-establish the maintenance con-
dition. On the other hand, a proactive maintenance goal
would prevent the last machine from being shut down. We
believe that the domain of autonomic computing is a rich
one for proactive maintenance goals.

A final example consists of a boiler that produces some
output power. An agent is able to control the output power
by increasing or decreasing the temperature of the boiler.
This example can be used to illustrate how maintenance
goals can be made to interact. As a safety measure, the
agent may have a maintenance goal to ensure that the boiler’s
temperature never exceeds some amount. There may also be
a second maintenance goal that the output power always be
greater than some minimum value. The agent may have sev-
eral achievement goals, such as providing power for several
devices, which require the agent to increase the temperature
to produce enough power. A rational agent may limit the
number of devices that can concurrently be powered, to en-
sure that the temperature required is not too elevated. The
rational agent may also choose to ensure that there is always
some device being powered by the boiler, to avoid wasted
energy.

Hence, achievement goals drive the agent to perform ac-
tions to produce a desired state; maintenance goals either
trigger corrective actions to be taken, or constrain the choice
of actions so that the maintenance goals will not be violated.

This paper is organised as follows. In Section 2, we pro-
vide background material to a number of elements concern-
ing the agent framework support for proactive maintenance
goals. Next, in Section 3 we provide a detailed explanation
of the requirements and mechanisms an agent system should
incorporate to support our ideals of proactive maintenance
goals. A discussion of mechanisms for implementing proac-
tive behaviour follows in Section 4. We have done some pre-
liminary experiments to evaluate our work which we present
in Section 5. We conclude with possible future directions in
Section 6.

2. MAINTENANCE GOALS

The earliest examples of maintenance goals (such as [6])

are purely reactive, i.e. they act as triggers to adopt an ex-
tra achievement goal, and only when the stated condition
becomes false. In the Mars rover example, a reactive main-
tenance goal of maintaining a battery level of at least 20%
will only cause the agent to act once the level drops be-
low this amount. Hence the maintenance goal can be com-
pletely characterised as a trigger which adds an achievement
goal such as “recharge the battery”. In a system such as
JACK][2], this is not very different from adding the negation
of the maintenance goal as a context condition for the plan
which fills the tank.

The life cycle of such reactive maintenance goals is dis-
cussed in some detail in [1]. As discussed in that paper,
“a maintenance goal is introduced to observe and maintain
some world state as long as the goal exists”. Whilst the dis-
cussion of goal types and the way in which goals are managed
during the execution cycle is quite comprehensive, their use
of maintenance goals remains reactive.

A more active approach to maintenance goals includes not
only triggering some recovery action once the goal is vio-
lated, but taking actions in anticipation of the maintenance
goal becoming false. As mentioned above, this will presum-
ably lead to more rational behaviour, such as the battery-
charging activity of the robots discussed in [1] taking place
shortly before the low power threshold is reached, rather
than just after it. However, there is no point in recharg-
ing the robot too often, such as when the battery is 85%
charged, just because the robot happens to be nearing a
charging point. In other words, the agent has to have a rea-
sonable expectation that the maintenance goal is likely to
be violated in the near future; action is then taken to ensure
that it is not violated.

In some sense, this approach assumes that it is impor-
tant to prevent the maintenance goal from becoming false.
For example, consider a maintenance goal to maintain the
pressure of a gas cylinder at no more than a certain amount.
Whilst emergency action is clearly needed if the pressure ex-
ceeds this value, rational management of this property would
also include actively preventing the pressure from getting
too close to the limit.

Hence the proactive approach takes action not only when
the maintenance goal is violated, but also when the agent
anticipates that it will be violated in the near future. In
order to perform such reasoning, the agent needs to be aware
of the effects of other goals on the maintenance condition.
This can be of the form of altering the belief of an agent,
or consuming or producing some resource involved in the
maintenance condition. Therefore, we require the effects
and required resources of goals to be explicitly represented
in the structure of the agent goals, as well as having these
structures utilised in the agent execution cycle.

It should be noted that maintenance goals are a means of
improving the rationality of the agent by using a richer class
of goals. Hence they can be seen as a way of more closely
approximating perfectly rational behaviour whilst remain-
ing intuitively simple. The main thrust of this paper is to
show that the extra subtlety gained comes at a cost of com-
paratively little efficiency.

3. REPRESENTATION

Our agents are based on standard implementations of the
Belief-Desire-Intention (BDI)[11]. In particular, our central
notions are beliefs, goals and plans.
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The agents we develop have a pre-defined set of plans that
are utilised at run-time to satisfy goals. The agents also have
belief-bases which contains facts about the world known to
the agents. In this section we describe a representation for
an agent’s beliefs, plans, achievement goals and maintenance
goals. We build on some of our earlier work to provide a
representation for achievement goals and plans [12, 13], and
provide a new structure for maintenance goals.

Beliefs can be represented in many different forms. For
example, in AgentSpeak [10] they are represented in first
order logic. In our framework, we present a restricted form
of beliefs in order to better explain the reasoning mecha-
nisms in later sections. We represent a belief as a tuple, (
Name, Type, Value ), where Name is an alphanumeric string
which allows the agent’s beliefs to be uniquely referenced,
Type defines the type of object the Value attribute repre-
sents, and Value is the actual data representing the belief.
Some examples of beliefs are:

(FuelLevel, Number, 60)
(GripperEmpty, Boolean, True)
(RoverID, Text, Roverl)

Plans are lists of instructions an agent can follow to po-
tentially establish a desired state with respect to some goal.
A plan is a tuple of the form (Type, Pre-Condition, Effects,
Plan Body). Type is an alphanumeric string which identifies
the type of the plan. The Pre-Condition is an expression
over the agent’s beliefs which must be satisfied before this
plan can be executed. If it is not satisfied, this plan cannot
be instantiated. In systems like JACK, pre-conditions are
represented as context conditions. The Effects denote the
changes to the agent’s belief set that will occur if the plan
is executed successfully.

The Plan Body consists of sub-goals and actions, which
can be combined by either sequencing them (denoted by ;),
or by executing them in parallel (denoted by ||). Sub-goals
are treated like top-level goals. Actions can be any arbitrary
code specified by the user.

An example of a plan is as follows:

Type RefuelRoverPlan

Pre-Condition FuelLevel > 50

Plan Body {FindRefuelPoint ; MoveToRefuelPoint ;
Refuel}

Effects { Update(FuelLevel, 100)}

Achievement goals are states of the world that the
agent works toward establishing. We follow the definition
of [15] and represent them as follows.

(Type, Success Condition, Failure Condition, Plans)

Type is an alphanumeric string that uniquely identifies a
goal. Success Conditions are the desired outcomes of the
goal and when true indicates the goal has been successfully
achieved. The Failure Condition when true indicates the
goal cannot be achieved by the agent by any means possi-
ble, and hence the agent should no longer pursue it.

The Plans attribute is a set of plan names which achieves
the success condition. When an instance of an achievement
goal is created, the agent selects a plan from this set and
if its pre-condition is satisfied, begins executing it. If the
plan fails, then another plan from the plan set is selected
and tried. If no applicable plan exists, the goal is dropped.
This mechanism is typical of BDI agent systems.

An example of an achievement goal is:

Type: GatherSoilSample
Success Condition: ObtainedSoilSamples = true

Failure Condition: Gripper Broken = true||RoverImmobile = true

Plans: {GatherSoil AtX Plan, Gather Soil AtY Plan}

This example describes a goal whose purpose is to obtain
a soil sample, and it has two options in terms of the location
which has soil (X and Y), hence two plans. If either plan
succeeds, the rover will have obtained said sample, and the
agent’s belief of ObtainedSoil Sample == true will be satis-
fied. The goal can (and should) be abandoned if the gripper,
used to gather soil, is broken, or if the rover is incapable of
moving.

As discussed earlier, our representation of maintenance
goals needs to support both proactive reactive aspects.

Maintenance goals are tuples of the form

(Type, Maintenance Condition, Failure Condition, Recovery
Plans, Preventative Goal ).
The Type and Failure Condition is similar to that of an
achievement goal indicating the type of the goal and the
condition which when true makes the goal no longer appli-
cable.

The condition (belief) the goal requires the agent to main-
tain is given by Maintenance Condition. If this condition
becomes false, the agent selects an applicable plan (i.e., one
whose pre-condition is currently true) from Recovery Plans,
in order to re-establish the maintenance condition.

In contrast to purely reactive maintenance goals, if the
agent determines that the maintenance condition is cur-
rently true, but is anticipated to become false in the future,
it will select and execute an applicable goal from Preven-
tative Goal. These goals are designed to ensure that the
maintenance condition remains true.

An example of a maintenance goal follows, which aims to
ensure that the rover has an adequate battery level, recharg-
ing if the level drops below a certain threshold.

Maintenance Condition: BatteryLevel > 20%
Failure Condition: ChargerBroken = True

Recovery Plans: {RechargeBatteryPlan} (Move a robot to a charging

station and allow it to recharge its battery)
Preventative Goal: {RechargeBatteryGoal}

A second example of a maintenance goal ensures the speed
of the rover does not exceed a maximum operating speed.

Maintenance Condition: Speed < 100km/hr

Failure Condition: {}

Recovery Plans: {ReduceSpeedPlan} (Slow down vehicle)
Preventative Goal: {}

A third example of a maintenance goal originates from the
domain of robot soccer. An agent controls the behaviour of
a ‘defender’ robot player, whose role is currently to prevent
a opposition ‘forward’ from obtaining the ball.

Maintenance Condition: OpponentHasBall == false
Failure Condition: {}

Recovery Plans: {TackleOpponentPlan}
Preventative Goal: {BlockOpponentGoal}

In such a case, the maintenance goal behaviour of the de-
fender differs depending on who has control of the ball. If
its opponent has the ball, the agent must ‘recover’ its main-
tenance goal of preventing this, and so must tackle the op-
ponent to cause it to lose control of the ball. However, if the
opponent does not have control of the ball, one approach is
to block the opponent, by moving to a location between the
opponent and the ball, ready to intercept a pass or prevent
the attacker from moving to the ball. In this example, the
behaviour of the agent is different depending on if the agent
is recovering from or preventing maintenance goal failure.
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In addition to the above attributes, at run-time plan and
goal instances will further require an instance name which
is a label that provides a unique handle to them.

4. REASONING ALGORITHMS

In the BDI theory [11], goals of an agent are required to
be consistent. Thangarajah et al.[12, 13, 14] provide mecha-
nisms for ensuring this property holds for achievement goals.
We build on this work to incorporate maintenance goals into
the set of goals an agent may pursue, and provide mecha-
nisms that ensure that all goals (maintenance and achieve-
ment) that an agent pursues are consistent with each other.

We consider two aspects in which an agent’s maintenance
goal may conflict; conflicts due to resource limitations, and
conflicts due to the effects that goals produce. Our aim is to
ensure that maintenance goals remain consistent with other
goals with respect to these aspects.

In BDI-like systems, a goal can be decomposed into plans
(that achieve the goal) and sub-goals. Often, there are sev-
eral ways in which a goal can be realised, represented by a
number of different plans and sub-goals. When a plan fails,
a new plan is selected and tried. It is only when there are no
applicable plans left that the agent declares a goal has failed.
This leads to a natural tree structure which is termed a goal-
plan tree [14], which indicates the possible ways in which the
top level goal can be established. Every goal or sub goal in
the tree has at least one plan as a child, and each plan may
have a number of sub-goals. The plan nodes of a goal can
be viewed as an “OR” since only one of the plans need to
succeed for the goal to succeed, and the sub goal nodes can
be viewed as “AND” nodes as they all must succeed for the
plan to succeed.

Since there are a number of paths that an agent may take
to satisfy a goal, the agent cannot be certain as to the re-
sources consumed and the effects that are produced as a
result of a goal. In [12, 13, 14], the notion of summary in-
formation is used to capture at an abstract level the resource
requirements and the effects of executing a goal. They do this
by requiring that each plan and goal in a goal-plan tree have
information pertaining to the effects that the plan brings
about, as well as the resources that each plan requires’.

They use the goal-plan tree structure and the notion of
summary information [3] to provide detailed algorithms that
derive the necessary (but not sufficient) and possible re-
sources for a goal [14], as well as the definite and potential
effects of a goal [13].

Necessary resources are the resources that are common to
all possible paths in achieving the top level goal. Possible
resources are the maximum set of resources that may be
required for an agent to achieve its goal, given any path
through the goal-plan tree. The possible resource takes plan
failure into consideration, and is often an exaggeration, but
provides a clear upper bound. The necessary resources are
a subset of the possible resources, which indicates that all
necessary resources are possible resources as well. We refer
to the combination of necessary and possible resources as
TeSOUTCE SUMMATIES.

The definite effects of a goal are the effects that are certain
to come about no matter which path through the goal-plan
tree the agent follows in achieving a goal. Note that this

'Note that the resources and effects that are the result of
child-nodes are not included at the parent level.

process ignores the possibility of a goal becoming satisfied
by some external process. The potential effects of a goal are
a set of all the effects that could potentially occur, given
that any plan could be selected, and that plan may fail and
another be selected and so on. We refer to the combination
of definite and potential effects as effect summaries.

The summary information is initially derived at compile
time and then later dynamically updated as the agent com-
pletes goals and plans (or if they fail). With respect to
resources, they also distinguish between consumable and re-
usable resources which are resources that once used are no
longer available and those that once used can be re-used
again respectively. Their algorithms consider these resource
types as the behaviour varies between them.

In our work, we will use these notions of resource sum-
maries and effect summaries, to determine if a maintenance
goal is in conflict with an achievement goal. We rely on
the methods developed in [13, 14] to obtain this summary
information, and also on the conflict detection mechanisms
between achievement goals. We do not reproduce these al-
gorithms here, but show how they are incorporated into our
own algorithms ahead.

If we consider an agent that supports proactive mainte-
nance goals, several factors are required beyond that found
in most agent systems. As described in Section 3, we re-
quire that each plan be tagged with additional information
describing the effects the plans bring about, as well as the
resources they use. The success condition of achievement
goals defines the effects of the goal.

We assume that each agent has set of currently active
goals G which includes both the set of maintenance goals
(Gm) and the set of achievement goals (Go) (i.e. G = Gm U
Ga). The list of goals which are waiting for another goal/plan
to complete before it can be pursued, are stored in a Sus-
pended Goals (SG) set, where each entry is the suspended
goal and the list of goals/plans that it is waiting on. Finally,
the agent requires a resource table to determine the current
resources available for its goals. We call this resource table
R, containing tuples which are name, value pairs describing
the current availability of its resources.

Goals are added to the agent system one at a time?. Of
course once the goals have been added, when possible, the
agent will execute goals in parallel. Section 4.1 looks at the
mechanisms for ensuring that the goals are consistent when
a new achievement goal is added to the system and section
4.2 investigates the addition of a new maintenance goal.

4.1 Adding Achievement Goals

Before an agent can pursue a new achievement goal, G,
it must determine if it can be executed without causing any
of the agent’s other goals to fail. Four elements must be
checked to ensure that this is the case — an agent must de-
termine if a conflict can occur over (a) the effects the goal
can cause, and (b) the resources that a goal requires. In
each of these cases, the agent must check if conflicts arise
between the new goal and existing achievement goals as well
as existing maintenance goals.

The agent’s first step is to determine the effects of Gg.
This can be done using the algorithms developed in [13].
This algorithm results in the identification of two sets of ef-
fects — the definite effects(DE) of a goal, and the potential

2A goal set maybe given to an agent but it processes them
one after the other.
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effects(PE) of a goal. Using the algorithms in [13] this in-
formation can be used to determine if a conflict can arise
between G, and any achievement goals in G,. We then pro-
vide an algorithm to check for conflict between G, and the
set of maintenance goals G, .

G, must be checked for consistency with every mainte-
nance goal in G,,. This requires the identification of the def-
inite and potential effects of G,. The effects of G, are com-
bined with the effects of G, , producing the set of definite and
potential effects for the agent’s current goals, and the new

achievement goal. This set is represented as < DFEal/, PE sl >.

A maintenance goal is consistent if the definite and poten-
tial effects that the goal brings about, does not cause the
maintenance condition of the maintenance goal to fail. A
maintenance goal is inconsistent with the achievement goal
if the definite effects alone cause the maintenance condition
to fail. In situations where the definite effects do not cause
the maintenance condition to fail, but some potential effects
do cause failure, the agent is uncertain if the addition of G,
will cause the maintenance goal to become inconsistent.

function check-effect-consistency (Gm, < DEal, PE Al >)
number of maintenance goals := 0
number of maintenance goals satisfied := 0
number of maintenance goals unsatisfied :=
for each maintenance goal mg in G,
mc := mg.maintenance condition
if mc is consistent with DE 4/ + PE 4/ then
number of maintenance goals satisfied ++
if mc is = consistent with DFE 4/ then
number of maintenance goals unsatisfied ++
number of maintenance goals +-+
if number-of-maintenance-goals-satisfied ==
number-of-maintenance-goals then
// all maintenance goals are definitely consistent
return consistent

0

else if number of maintenance goals unsatisfied > O then

// some or all maintenance goals are not consistent
return inconsistent

else
return uncertain

Goals can also conflict over the resources they require to
execute successfully. The work in [12] provides a mechanism
for determining the necessary (N) and possible (P) resource
requirements of a goal. The necessary and possible resources
of G, (which is a tuple, < Ng, P, >), are combined with the
necessary and possible resources of all achievement goals in
Ga (< N, P >), producing < Ng/, P,/ > which describes the
minimum and maximum resource needs if G, is added to
the goal set.

The agent must now determine if the maintenance goals
in G,,, are consistent with < N/, P,/ > and the current set
of available resources, R. The achievement of all the goals
in G, will lead the reduction of R by at least No/, but no
more than P,/. These represent the upper and lower bounds
to the resources consumed by the set of goals. It is rational
for an agent to ensure that its maintenance goals will still
hold after the achievement of its goals, i.e. after R has
been reduced by at least N/, but no more than P,/, the

maintenance conditions in G,, still hold.

If a maintenance condition holds after R is reduced by Py/,
this indicates that the maintenance condition will still hold
no matter which method of achieving the goals is selected by
the agent. If the maintenance condition does not hold after
R is reduced by Ng/, this indicates that the maintenance
condition cannot be satisfied, no matter which method of
achieving the goals are selected, i.e. the maintenance goal

is inconsistent with G./. A third alternative occurs when
neither of the first two cases are met — this identifies a case
where R is insufficient to ensure that G,, remains consis-
tent after achieving all goals in G,, yet there are sufficient
resources such that the goals may be achieved with the main-
tenance condition valid. All maintenance goals are required
to be checked for consistency in this manner, and the results
are aggregated in the following function. A set of main-
tenance goals that are inconsistent are also produced as a
result of this function.

function check-resource-consistency (Gm, < Nal, Pal >, R)
number of maintenance goals := 0
number of maintenance goals satisfied := 0
number of maintenance goals unsatisfied :=
CFG := ()
for each maintenance goal mg in G,
mc := mg.maintenance condition
if mc is consistent with R — P4/
number of maintenance goals satisfied ++
if mc is = consistent with R — N4/
number of maintenance goals unsatisfied ++
CFG := ( CFG U mg )
number of maintenance goals ++
if number-of-maintenance-goals-satisfied ==
number-of-maintenance-goals then
// all maintenance goals are definitely consistent
return consistent

0

else if number of maintenance goals unsatisfied > O then

// some or all maintenance goals are not consistent
return ( in-consistent, CFG )

else
return unknown

There are three possible outcomes of checking for consis-
tency using the methods described above:

Case 1 Consistent with all maintenance goals

In the case that if after adding G,

(a) the maximum possible resource requirements (P,/)
are consistent with the current maintenance goals; and
(b) the potential effects of all goals (PE,/) are also
consistent with the current maintenance goals,

then it is safe to add G, as a goal to the system.

Case 2 Not consistent with some or all maintenance goals

In the case where after adding G, if either

(a) the necessary resource requirements (Ng/); or

(b) the definite effects (DEq/)

of the new goal set is not consistent with one or more
maintenance goals then there will be a definite conflict
if G4 is added to the system. To prevent this conflict,
we can use the preventative goal associated with each
maintenance goal as follows:

(1) For each maintenance goal G, that is in conflict
with G, add the preventative goal of G, to the system.
(2) Add the goal G, to the suspended goals list with
entry (Ga, {PGi, ..., PG;}) where PGy, ..., PG; are
the preventative goals added in the previous step.

This method would then allow G, to begin execution
only after all the necessary preventative measures are
taken.

In the case where there is no preventative goal pre-
scribed for a conflicting maintenance goal then G, has
to wait until that maintenance goal is no longer in the
system. We assume that maintenance goals take prior-
ity over achievement goals. Naturally, we could enforce
any reasonable scheme for resolving such conflicts..
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Case 3 [t is uncertain if there will be a conflict

The uncertain case occurs when either:

(a) the resource requirements to be maintained are
greater than the necessary resource requirements and
less than the possible resource requirements; or

(b) the definite effects of the goal do not violate any
maintenance condition but the potential effects do.

In this case we cannot determine for certain if there
will be a conflict or not as it depends on the path
chosen by the agent to achieve its goals.

In such situations it would appear rational for the
agent to pursue G, without performing additional ac-
tions, as there is a possibility that the appropriate path
is chosen such that no conflicts occur. However, it may
also be rational for an agent to execute some preven-
tative goals that may make (more) certain that the
agent’s goals will be achieved successfully.

In [13], a process of dynamic updates was used to up-
date the resource summaries of goal as the agent com-
mitted to certain plans (and sub-goals) at run-time.
A more sensible approach for an agent would be to
execute G, when it is uncertain but monitor for situa-
tions, by dynamically updating the summary informa-
tion and checking for inconsistencies, when the status
changes to either definitely conflicting (case 2) or safe
(case 1) and act accordingly.

There may be times, however, when the agent does not
(or cannot) anticipate the future violation of its maintenance
goals due to its pursuit of its achievement goals, and in these
cases, the maintenance goals could be unsatisfied. The reac-
tive nature of maintenance goals are still supported by our
system. Hence, in such cases where the maintenance goal
of the agent is spontaneously violated, the agent will trigger
its recovery goal, which has the goal of re-establishing the
maintenance condition of the goal.

We make a note here that preventative goals will most
likely not be used in the case when an achievement goal
conflicts with maintenance goals due to the effects that it
brings about, rather than its resources. While our frame-
work supports such a mechanism, we could not identify any
cases where a preventative goal would be of use in avoiding
conflicts over effects.

4.2 Adding Maintenance Goals

In the previous section, we have shown how achievement
goals can be added whilst maintaining consistency between
existing goals. We now look at the process of adding a main-
tenance goal to an agent system such that it is consistent
with all other goals that the agent is pursuing. Maintenance
goals present several challenges that separate them from the
addition of achievement goals, as they do not achieve any
effects per se but require conditions to be maintained.

The first step in adding a new maintenance goal G, is to
determine if it is consistent with the set of existing mainte-
nance goals G,,. This is done by simply checking the main-
tenance condition of each maintenance goal in G,, against
the maintenance condition of G,,. If G,, conflicts with any
other maintenance goals, then it is not added to the sys-
tem. If the application demands it, G,, may be placed in
the suspended goals list, waiting on the conflicting goals.

If G, is consistent with G, then the next step is to check
if it is consistent with the current set of achievement goals

Go. This is done by combining G,, with G,, and check that
no achievements goal will violate the new set of maintenance
goals, using the methods described in the previous section.

If there is no conflict then G,, is added to the system. In
cases where adding G, causes conflict, we prevent G,, from
being added to the system, as it is difficult to determine
the correct subset of achievement goals that are compatible
with the set of maintenance goals. There may be a subset of
achievement goals from the agent’s current goal set that is
consistent with the agent’s maintenance goals (and current
resources), but identifying such a subset can be difficult.
It may be feasible, however, if there is a goal preferencing
mechanism in place.

In these algorithms, we have assumed that the goal that is
being added to the system is preferred less than the existing
goals — that is, the agent does not drop goals that it is
currently pursuing if a new conflicting goal is added. Further
work is required in this area, and in the area of selecting
between goals. itemize

5. EXPERIMENTAL EVALUATION

‘We have performed some preliminary experiments to quan-
tify the benefits of proactive maintenance goals. X-JACK is
an extension to JACK Intelligent Agents® developed in [14,
13] for evaluating their work. We further extend X-JACK
to incorporate reactive and proactive maintenance goals and
the algorithms developed in this work.

Our experimental test bed is that of a Mars rover capable
of moving about a 2 dimensional environment, consuming
energy from its battery as it moves. For simplicity, we as-
sume that each unit of distance drains the battery by 1 unit
and that there is a refuelling depot located in the middle of
this environment.

A goal within the system is a particular location that the
agent must visit. To test our system we created a number
of goals with randomly generated locations. The agent was
then given goals varying from a set of 10 to 100 for simu-
lating an agent’s typical workload. Each set was run a 20
times and the results mentioned below are the average of
these runs.

Our experiments were conducted in 3 cases as follows:

e No maintenance goal (NMG) - In the first case, we
assume that the rover’s movements did not consume
battery power, therefore, the rover had no need to
recharge. This allows us to determine a baseline in
our experiments.

e Reactive maintenance goal (RMG) - The second case
involves a rover with a maintenance goal that is reac-
tive to ensure that there is always enough charge in
the battery to be able to reach the recharging station.
Therefore, as the rover moves about, it will periodi-
cally compare its current distance from the recharge
station with the amount of charge remaining in its
battery. If there is not enough charge to continue,
the rover must first head to the recharge station and
recharge, prior to pursuing any other goal.

e Proactive maintenance goal (PMG) - The third case is
when the rover has the same maintenance goal as case
2, but it is proactive in this case. This requires the
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| Goals | NMG | RMG | PMG |
10 539.6667 595 542.3333
20 941.3333 1103.3333 951.3333
30 1098 1287.6667 | 1150.6667
40 1376.6667 | 1566.3333 | 1443.3333
50 1450.3333 1762 1514.3333
60 1713 2056.6667 1886
70 1793.3333 | 2178.3333 | 1960.3333
80 2553 3110.3333 2726
90 2606 2849.3333 2745
100 2551.3333 3012 2575

Table 1: Total time (milliseconds) to achieve all
goals

[[Goals | NMG [ RMG [ PMQ |

10 308 439 341
20 704 946 797
30 814 1196 | 1034
40 1284 | 1851 | 1587
50 1460 | 2067 | 1812
60 1689 | 2512 | 2112
70 1881 | 2619 | 2350
80 2392 | 3410 | 3086
90 2973 | 4330 | 3717
100 3124 | 4660 | 3925

Table 2: Total distance (units) travelled

agent, when commencing a new goal, to anticipate its
resource usage in achieving that goal. If the resources
consumed in achieving this goal violate the agent’s
proactive maintenance goal, a preventative goal will
be activated. The agent determines how much battery
power will be left after achieving this goal, and if it is
an insufficient amount, the recharge goal is executed
first. In our experiment, to simulate the possible in-
accuracies with estimating resource usage, the rover is
able to estimate its resource usage to an accuracy of
10%.

The total time taken for the set of goals to complete in all
3 cases are shown in table 1. As expected, the case where
the rover never needs to refuel (NMG) is the fastest. Note
that there is little difference here between the reactive and
proactive maintenance goals. In some instances the proac-
tice maintenance is actually faster, due to less distance being
travelled. As shown in Table 2, the total distance travelled
by the rover in each of the cases is less for proactive main-
tenance than for reactive maintenance.

Tables 3 and 4 provides a breakdown of the rover’s move-
ments for the reactive and proactive cases respectively. They
show the distance the rover spent successfully pursuing a
goal (total distance), the distance the rover spent to refuel
(backtrack), and the distance the rover spent trying to ac-
complish a goal that failed due to insufficient fuel (waste).
The ezcess column is the sum of the waste and backtrack
distance. Where this value is small indicates that the rover
did not spend many resources on movement that was not di-
rectly attributable to achieving one of its goals. Therefore,
smaller values are better. The comparison of the excess col-

| Goals | Total Distance Waste Backtrack | Excess |

10 439 120 69 189
20 946 282 151 433
30 1196 237 218 455
40 1851 593 315 908
50 2067 521 352 873
60 2512 650 437 1087
70 2619 558 442 1000
80 3410 831 574 1405
90 4330 1151 781 1932
100 4660 1106 887 1993

Table 3: Distance breakdown for Reactive Mainte-
nance Goals

| Goals | Total Distance Waste Backtrack | Excess |

10 341 0 91 91
20 797 0 259 259
30 1034 0 280 280
40 1587 43 524 567
50 1812 92 510 602
60 2112 127 546 673
70 2350 48 685 733
80 3086 158 887 1045
90 3717 93 1181 1274
100 3925 140 1075 1215

Table 4: Distance breakdown for Proactive Mainte-
nance Goals

umn shows that the excess amount for the proactive case is
always less than that for the reactive case. This is because
the proactive maintenance goal avoids consuming resources
for goals that it can anticipate will fail. The reactive main-
tenance goal can only determine that the goal will fail once
it has already consumed some resources in trying to achieve
it.

If we compare the waste and backtrack values for the re-
active and proactive cases, it is observed that often the re-
active case has less backtrack than the proactive. This is
because in the reactive case, some movement that becomes
waste actually brings the rover closer to the refuelling point
— hence, reducing the backtrack distance.

We also note that the value of waste for the proactive
case is often much less than that for the reactive, because
the objective of the proactive maintenance goal is to elim-
inate waste, by anticipating the failure of its maintenance
condition at an earlier point than the reactive goal. For the
first goal sets (10,20,30) for the proactive case, this works
perfectly. However, some waste still occurs as the number of
goals increases. This is because the estimation of resource
usage was not 100% accurate. Our results show that even
with inaccurate estimation, proactive maintenance goals can
offer a reduction in resource consumed.

When resource estimation is perfectly accurate, there would
be no waste at all for proactive maintenance, as it will never
attempt to achieve a goal unless it is certain that it will be
successful. In other words, the only way that waste gets in-
troduced in the proactive case is by the inaccurate estimate
of resources.
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6. DISCUSSION AND FUTURE WORK

We have seen how the use of proactive maintenance goals
can improve the rational behaviour of BDI agent systems.
In particular, the ability to anticipate the failure of main-
tenance goals (rather than merely reacting to their failure)
can result in some significant improvements in the decision-
making ability of the agent. We see this as the first step
towards providing a richer variety of goal types for agent
systems, resulting in greater rationality for the agents con-
cerned.

By utilizing existing techniques for reasoning about achieve-
ment goals, we are able to smoothly integrate proactive ver-
sions of maintenance goals, together with reactive mainte-
nance goals and achievement goals. This provides a richer
programming environment which can be readily developed
as a plug-in for existing systems such as Jadex.

A line of further work that we intend to pursue is that
of passive maintenance goals. A reactive maintenance goal
leads to action only when the goal is violated. As we have
seen, proactive maintenance goals may also lead to action
in anticipation of violation. A passive maintenance goal is
one that does not lead to actions per se, but is one that is
never allowed to be violated. Such goals act purely as con-
straints on other actions; for example, if the Mars rover is
currently travelling at its maximum speed and there is a pas-
sive maintenance goal to this effect, then there is no point in
considering any action which will increase the rover’s speed.

An extension of this idea is to prioritise maintenance goals,
possibly via their urgency. For example, a maintenance goal
of keeping the temperature of a gas tank below 100° will be-
coming increasingly urgent as the temperature climbs above
90°. This kind of rational behaviour is particularly impor-
tant for safety-critical systems.

The relationship between achievement goals and mainte-
nance goals also raises some questions, such as under what
circumstances an achievement goal can trigger a mainte-
nance goal. For example, the Mars rover may have to arrive
at a particular location with at least 50% batter power (to
perform a particular experiment), and doing so will require
it to travel at a lower maximum speed than normal.

A further direction is to explore the ways in which vi-
olation of maintenance goals can be predicted. When the
goals are about resources, it is inevitable that they will be
exhausted; the key issue is to determine the optimal point
of replenishement and to see how this can be specified by
proactive maintenance goals. Clearly the system’s ability to
utilize maintenance goals is a direct function of its predictive
power.
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