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Abstract. Obligations can apply to individuals, either segror collectively.
When applied severally, each individual or memtfea team is independently
responsible to fulfill the obligation. When appliedllectively, it is the group as
a whole that becomes responsible, with individuadmers sharing the
obligation. In this paper, we present several vana of teamwork models
involving the performance of collective obligatior®me of these rely heavily
on a leader to ensure effective teamwork, wherézer®leave much room for
member autonomy. We strongly focus on the impleatént of such models.
We demonstrate how KAoS policies can be used tabésh desired forms of
cooperation through regulation of agent behaviasm& of these policies
concern invariant aspects of teamwork, such astbdvehave when a leader is
present, how to ensure that actions are propertydioated, and how to
delegate actions. Other policies can be enabledisabled to regulate the
degree of autonomy of the team members. We haviemgnted a prototype of
a Mars-mission scenario that demonstrates vary@sglts when applied across
these different teamwork models.
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1. Introduction

Autonomy is perhaps the most fundamental propergnaagent. Generally speaking,
we might say that the more control an agent has ibseown actions and internal
state, the greater its autonomy. By this definitioollaboration almost always entails
a reduction in autonomy. In collaboration, we aiifivg to give up some degree of
autonomy in the service of achieving joint objeefi\[15].

Obligations can be either voluntarily adopted opased. Researchers who study
normsgenerally focus on the ways in which agents lesrapgnize, and adopt such
obligations through their own deliberation, inclugithe consideration of incentives
and sanctions [5]. Our research interest has beamderstand similar issues with



respect tgolicies constraints that are imposed and enforced ppa@iy on agents
[2]. Constraining an agent’s collaborative actastiin this way is often accomplished
by virtue of the organizations to which it belof@}{13]. The purpose of this paper is
to report on the latest developments within the BAmlicy and services framework,
in particular w.r.t. teamwork and collective obliges.

A KAO0S policy is defined as “an enforceable, weiksified constraint on the
performance of a machine-executable action by gesuln a given situation” [2].
There are two main types of polices; authorizatiand obligations. Authorization
policies specify which actions are permittgubgitive authorizatior)sor forbidden
(negative authorizationsin a given situation. Obligation policies specifyhich
actions are requiregésitive obligationsor waived fegative obligationsin a given
situation. KAoS uses OWL (Web Ontology Language:
http://lwww.w3.0rg/2004/OWL) to represent policies.

KAoS policies have already been successfully agglieimportant aspects of joint
activity in the context of human-robot teamwork Ji1th this paper, we extend this
research by adding the notion otallective obligation[4]. The difference between
an individual obligation (10) and a collective adtion (CO) is that in 10’s each
individual or member of a team is independentlypoesible to fulfill the obligation.
On the other hand, in CO'’s, it is the group as ale/that becomes responsible, with
individual members sharing the obligation. CO’s aspecially useful in governing
complex abstract behavior—in our case, for exantple,obligation that agents have
to ensure safety. The difficulty of writing individl obligations forensure-safetys
that it is probably not an action that can be diyeexecuted by any one agent. Most
likely, a plan must be created to decompessure-safetynto more concrete actions.
It is also difficult to decide, beforehand, whotie best candidate to carry out the
plan, as a different plan might be adopted in d#fé circumstances. Moreover,
agents may have different capabilities, enablingnthto contribute individually or
jointly in particular roles. For such reasons, d¢rmists requiring the performance of
abstract team actions lilensure-safetyare usually better implemented as collective,
as opposed to individual, obligations.

Because a CO often does not direct activity at ledwel of the single agent's
behavior, we must find a way to translate the C@hoindividual level. Our research
aim in this paper can thus be described: to devgdmeral policies to fulfill collective
obligations, and to map these obligations to irtligls based on the current context.

Inspired by previous theoretical groundwork on éhessues [4][12], we follow a
very practical approach. First, we demonstrate howepresent and reason about
collective obligations in OWL. Second, we describeee sets of KAoS policies that
we defined to govern agent behavior in the exenudiocollective obligations. Third,
we provide a configuration policy s#tat is used to adjust specific aspects of the
teamwork model for use in a given situation. Fipalle present a prototype we have
implemented to demonstrate the use of these pslicithe context of a Mars mission
scenario [16].

We claim several benefits for developers of agewtms. The first concerns
reusability Because the policies describe near-universal wesknaspects, they are
domain independent and can apply to many kinds pgli@ations, thus saving
development time. The second benefit concesharedness Because teamwork
requires maintaining common ground among the ppatits [15], agents benefit



when the code that generates team behavior canhéeeds by all agents. By
introducing a shared collection of teamwork pokcitor the whole system, in
conjunction with KAoS monitoring and enforcemenpahilities, newly added agents
fit easily into the team, no matter who developeent or which language they are
programmed in. The policies accommodate even thet rpamitive agents by
eliminating the requirement that each agent beldepaf sophisticated deliberation in
order to collaborate. Next, there is the benefitseparation of concerns. By using
KAoS policies, the code that implements teamwortlésnly segregated from the rest
of the agent code. This avoids the typical clutbgperienced when teamwork code is
scattered in arbitrary locations among all agehRtsally, KAoS policies are very
straightforward to read and understand, making theore suitable to implement this
kind of behavior than generic rule languages or emtmw-level programming
languages.

In addition to the benefits for agent developers,also believe that this approach
is more conducive to scientific progress towards ithuch more ambitious goal of
human and machine joint activity [18][8]. Althoughe policies described in this
paper are relatively simple and elementary, theyfandamental in human teamwork.
Hence, when agents adopt important aspects of huesanwork, people may find
them more predictable and understandable.

The remainder of the paper is outlined as follosction 2 explains the basic
teamwork model. Section 3 provides an overview ftg KAoS policy services
framework. In Sections 4, 5 and 6, we describe h@wsed KAo0S to implement the
teamwork model: ontological aspects in Section 4élices in Section 5; an
implemented prototype with agents in a Mars-missioanario in Section 6. Related
work is discussed in Section 7, followed by conidas in Section 8.

2. Team Design

Teamwork is a topic of great complexity and breatltare, our focus is only on
one aspect of teamwork, i.e., collective obligasio@ollective obligations require
teams to perform some action whenever some evestate triggers the obligation.
Performing such actions typically involves plannidglegation and coordination. The
aim of team design is to ensure that this procesadequately supported. Three
primary aspects of team design are pertinent toigbees discussed in this paper:
leadership assumption, task allocation, and plardination. Each of these aspects
can vary, resulting in different team behavior.Ufg 1l depicts these aspects in three
dimensions, where each combination of aspectssepte a different kind of team.

Along the x-axis, two possibilities for leaderskipsumption are shown. We can
appoint someone as a leader beforehand (i.e. pmblisbed leadership), or we can
defer the choice and allow leaders to volunteedemand (i.ead hocleadership
assumption). Whereas "pre-established" aadiio¢ qualify as two extremes on the
leadership assumption dimension, there are, ofseguntermediate options possible
that we do not consider here. One example is thatpredefined line of succession
which is used to determine leadership if all higteerking leaders are unavailable.
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Figure 1 Three dimensions in team design

The task allocation dimension is shown along tlaxig- Individual task allocation
means that requests are directed at individual tagém group task allocation, the
request is directed to the group as a whole, witkpacifying which individual must
perform the task.

Plan coordination is depicted on the z-axis, witle two alternatives being
centralized and decentralized. Figure 2 depictsctiramunication pattern for these
two ways of coordinating plans. The left side o tfigure depicts centralized
coordination, i.e. the requester agent (the greanggs responsible for making sure
that the actions are executed in the right ordée fight side of the figure shows
decentralized coordination, i.e. the agents exeguthe plan take care of the
coordination themselves. In the latter case, tgester delegates plan coordination.
It may do so by sending a requéat actiona, together with information about who
will perform the subsequent actibnin the figure, this is written as “creq a,b.”

Centralized Decentralized
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Figure 2 Centralized and decentralized coordinatiorpatterns

With centralized coordination, the requested agemy not be aware that their
actions are part of a larger plan. With decentealizoordination, the requested agents
require more knowledge about the action’s contest,they must know which agent
is responsible for performing the next action ie gian.

2.1 Considerations for team design

The three dimensions outlined above can be regaadedifferent aspects of the
dichotomy betweercentral authority and member autonomy3]. Pre-established
leadership means that one central authority remaiokarge of the team, whereas
hoc leadership allows for more member autonomy becaasd team member may
become a leader under certain circumstances. dieattglan coordination allocates



the task of coordinating plans to one central aityyowhereas decentralized plan
coordination allows each agent to make its contibiputo coordination, i.e. reflecting
more member autonomy. Individual task allocatioplies that one central authority
decides who performs the tasks; whereas groupakaéation yields more member
autonomy as the team members decide this amongéhess.

In Figure 1, the team with most central authorityépresented as the black cube.
For the other teams, we can say that the furthayahe cube is from the black cube,
the more member autonomy exists in the team. Thieevdube represents the team
with most member autonomy. Which of these eighintemnfigurations is the best
one depends on the circumstances and cannot bdedeni general. Below, we
outline some general considerations when choosetgeéen central authority and
member autonomy; the discussion is not intenddoktexhaustive. An advantage of
using a central authority might be that it allowags team designer to select the best
agent for the most important tasks. In this wag, tdham can be better adapted to the
different qualities of agents. Another advantage eentral authority approach might
be accountability: that is, that it would be eadieridentify the responsible agent
when things go wrong.

A disadvantage of a central authority might be tihatould be less robust in
certain circumstances, e.g., when the leader bexamavailable, the entire team
becomes dysfunctional. Another disadvantage ofrabauthority might arise when
not every team member has the same access tauhémi. For example, it may be
better to have a crisis operation led by someonsitenthan by a predefined leader
who is far away. As a last disadvantage, we mentten potentially increased
response time of strongly hierarchical teams. Kkangple, when an incident happens,
this must communicated all the way up to a lead#er which the leader makes a
decision and communicates it all the way down tséhcarrying out the work. A
faster response may be obtained by allowing thesrebs of the incident to take
immediate action.

Before we explain how these teamwork models camipéemented, we will first
give some background on the KAoS policy framework.

3. KAOS POLICY FRAMEWORK

KAoS [2] provides a general framework for regulatiof a variety of systems,
including agent-based and robotic systems [2], welvices, grid services, and
traditional distributed systems. It also providé®e thasic services for distributed
computing, including message transport and dirgcs®rvices, as well as more
advanced features like domain and policy services.

Two important requirements for the KAo0S architeeture modularity and
extensibility. These requirements are supportedutyin a framework with well-
defined interfaces that can be extended, if necgsadth the components required to
support application-specific policies. The baseneénts of the KAoS architecture are
shown in Figure 3; its three layers of functionatibrrespond to three different policy
representations.
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Figure 3 Notional KAoS Policy Services Architecture

Human Interface layerThis layer uses a hypertext-like graphical integfdor policy
specification in the form of very natural Englisengences, composed from pop-up
menus. The vocabulary is automatically providedrftbe relevant ontologies, consisting
of highly reusable core concepts augmented by equpin-specific ones.
Policy Management layeiVithin this layer, OWL is used to encode and manpagjicy-
related information. The Distributed Directory Seev(DDS) encapsulates a set of OWL
reasoning mechanisms.
Policy Monitoring and Enforcement layeKAoS automatically “compiles” OWL
policies to an efficient format that can be used rfenitoring and enforcement. This
representation provides the grounding for abswatttlogy terms, connecting them to the
instances in the runtime environment and to otléicyrelated information.

Maintaining consistency among these layers is fhdutomatically by KAoS.

3.1 System development in KAoS
Multi-agent system development in KAoS takes platdifferent locations, in
different languages, using different tools, as samred in the following table.

Language Development Tool
Agents or othef .
Applications E.g., Java E.g., Eclipse
Policies| KAoS Policies (OWL) KPAT
Ontologies OWL E.g., Protégé, COE

Figure 4 KAoS system development components

OWL ontologies provide the vocabulary used in diyéwj policies. They define
all actions, action properties, and actor types @ be developed directly in OWL



or using an ontology editor, such as Protégé (Attptege.stanford.edu/) or COE
(Cmap Ontology Editor).

Policies are also represented in OWL. They canréated using the KAoS Policy
Administration Tool (KPAT). KPAT hides the compléxiof OWL from the human
users and allows the user to create, modify andagerpolicies in a very natural
hypertext interface. Policies can be ranked in seghtheirpriorities. In case two
conflicting policies are applicable at the same raotnthe policy with the highest
priority takes precedence.

The policies are used to govern the actions of sg@n other applications) within
the system being developed. We use Java and Edliypge//www.eclipse.org/) to
implement the agents for our prototype, althougly ather combination of a
programming language and IDE could be used. KAa8idtes a number of features
that can be exploited in the development of agesetd systems.

As an example of system development in KAoS, suppgbat we have a set of
robots and we want to obligate them to beep betfteg move, in order to alert any
nearby people of the pending movement. First, welevapecify the term®obot ,
Beep andMove in an ontology. Then, we would create a policyngsKPAT, which
would look like the following:

1 Robot is obligated to start performing Beep

2 which has any attributes
3 before Robot starts performing Move
4 which has any attributes

Figure 5 KAoS policy example

Once the policy has been created, it is sent by KRAthe Directory Service for
analysis and deconflication, before it is "comgfl@nd distributed to the guards for
run-time enforcement. Since the policy applies otdyrobots, it is automatically
distributed only to the guards responsible for goiwey robots. Local enforcement
mechanisms on each platform intercept movemengppopriate and check with the
guard resident on that platform for policy consttsi With the new policy in place,
an obligation to beep would be applied prior toheamvement.

An important part of building systems in this waydeciding where to implement
a given behavior. In general, there are three plesgilaces; in the agent, in the
policies, or in the ontology (cf. Figure 4). Eadistadvantages and disadvantages in
different situations. Without policy, we would beréed to represent everything in the
agent itself, so, for our beep example, the beéipramight simply be coded in Java
within the move method. This is not very flexibledais hidden from those unfamiliar
with the code. In situations where the source dedeavailable, it simply cannot be
implemented at all. A second option is to implem#ér@ behavior by adapting the
ontology, i.e. by defining a move as a beep thétllswed by a physical move, and
having the agents query the ontology for the d&diniof the action. This would
amount to redefining the commonly accepted meaningnoveinto something else
entirely — not be a good idea either. The thirdapts to add the policy of Figure 5.
This seems to us the cleanest method. The policlefimed external to the robot's
program and thus is viewable and editable by anymieg the system. To give an
example that pushes some knowledge back into thetspsuppose that we modify
our policy to state “robots must warn before thegvem” The main idea is still



modeled in policy, though less specific. The onggl@ould be used to model the
knowledge that beeping and flashing lights are tagpropriate methods to warn.
Finally, the robot could chose the appropriate \weynmethod based on its own
capabilities and preferences.

In the following three sections we will explain hole teamwork model described
in Section 3 can be implemented by developing ogiel, policies, and agents.

4. ONTOLOGY

Extending KAoS so it can handle collective obligas posed some additional
requirements to the core ontology. The first issoacerned the representation of
teams. The propertgamMemberOf was used to assert that an agent (represented by
an individual in clasagent ) is a member of some team (represented by anidhail
in classteam). To represent the collective obligation of a teaime property
HasCollectiveObligation was used to refer to the instance representatibrihe
action that constitutes the CO.

The second issue concerned the representatioran$.pBecause a plan typically
consists of multiple actions, we can represent émagction contains subactions by
using the propertiesibActionl  andsubAction2 . The propertysubActionRelation
specifies whether the two subactions are compasequhiallel or sequence. In this
way, composite actions can be represented as an-@RDQyraph, or planning tree
[17].

The last ontological issue concerned the relatignbletween the plan and the
action the plan seeks to achieve. Because diffareotimstances require different
plans, we specify this as a context-dependentioelatising a rule of the form “X
counts-asY in context C.” These so-callebunts-agules can be used in an ontology
to translate between actions of different levelsab$traction [11]. For example, the
sequence of actionbring-to-habitat and nurse (the plan) counts asnsure-safety
(what the plan is designed to achieve) in the odraéspacesuit-failure-of-Benny-at-
11:00am(the context)An action and its associated context are relateithéyproperty
hasContext . TO represent the fact that an action has beeforpggd, the property
hasStatus IS set toperformed . Because we represeabunts-asrules as subclass
relations (e.g. “XsubClassOf Y” represents the fact that X count¥)gshe OWL
reasoner automatically derives that if basStatus performed , then also Y
hasStatus performed

The issues discussed above are important when onimwgjtpolicy compliance. An
agent complies with an obligation to do action XX ihas the status performed before
the deadline set by the obligation. This definitimgis two important consequences.
First, the agent to which the obligation appliesidd required to perform the action
itself, but may also delegate the action to anodigemt. Second, the agent can choose
to perform a plan which counts as action X (in th@rent context), because
performance of the plan entails performance of ¥thBof these two issues play a
fundamental role in our approach to teamwork amdtherefore implemented at the
ontology level.

1 Because OWL-DL does not allow the use of classgsaerty values, we created a prototypical ingtanc
for every action class (e.gnsureSafety ). This prototypical instanceepresents the same (e.g.
ensureSafetyPrototypicallnstance). In this way, we can refer to actions both at thessl
level, and at the instance level.



1 Leader is obligated to start performing Action whi ch has attributes:

2 all prototypicallnstance values equal the Trigger action's

3 triggerOfCollectiveObligation of the prototypic allnstance values

4 the performedBy value equals the Trigger action's performedBy values
5 after Leader finishes performing Action which has attributes:

6 any prototypicallnstance values are in the set of this action's

7 HasCollectiveObligationTrigger of the teamMembe rOf of the

8 performedBy values

Figure 6 KA0S hypertext statement representing thgolicy of Definition 1.1

5. POLICIES FOR AGENT TEAMS

The general pattern of the teamwork describedigghper consists of three steps.
First, the collective obligation is triggered. Sedpa plan is created. Third, this plan
is carried out. The policies described in this isecterve to support this process by
governing issues such as: how is the CO-triggernconicated to the agent creating
the plan? Who creates the plan? Who carries outplee? How is the plan
coordinated to ensure the right order of actions?

5.1 Leader Policy Set
If there is a team leader, it has a special respitits and must be treated by the
other agents in a distinct way. The purpose ofltbader Policy Set is to lay down
these responsibilities, managing both task allocatind plan coordination.
Definition 1 Leader Policy Set
1. The leader of a team should adopt the collectiviiggations of its team as its
own individual obligations

2. Team members should notify their leader when thieative obligation of their
team is triggered

3. The leader of a team may request members of its tegerform actions

4. The leader of a team may create plans

The first policy captures the intuition that leaslemust take responsibility for their
team. Definition 1.1 states more precisely what theans for collective obligations.
The policy as implemented in KAoS is shown in Fegér The trigger of the policy is
implemented at line 5,6,7 and 8 using a role-vahep [1] which compares the
values of two properties of thetion ~ which the agent has just finished performing.

It states that the properpyototypicalinstance must have a value in common with
the concatenation of the propertiegerformedBy , teamMemberOf  and
HasCollectiveObligationTrigger . As an example of an action that would trigger
the  obligation, consider  agent Herman performing  the  action
observeSpaceSuitFailure (i.e. observeSpaceSuitFailure performedBy Herman)
and that Herman is teamMemberOf MecaTeam and that MecaTeam HasCol-
lectiveObligationTrigger observeSpaceSuitFailurePrototypicallnstance.

The obligation is described in lines 1, 2, 3 anof £igure 6. Lines 2-3 is a role-value

map which describes that the actor must do themethich is given by the property

triggerOfCollectiveObligation of the action that triggered the obligation. In our
example, observeSpaceSuitFailure is triggerOfCollectiveObligation of



ensureSafety. Hence, the actor is obliged to perforensureSafety. Line 4
describes that the agent that must fulfill the gddiion is the same agent that has
triggered the obligation.

The second policy of Definition 1 ensures thatcase nobody else in the team
triggers the collective obligation (for example blgserving a spacesuit failure), this
agent will notify the leader about the event. Tbéptures the intuition that team
members must help their leader. This policy is enpdénted in a similar fashion to
policy 1.1 (Figure 6).

The third policy in the leader policy set stateattleaders do not have to do the
work all by themselves, but they are authorizedeiguest actions from their team
members.

The fourth policy states that the leader is autaatito create a plan. Plan creation
is done by adding eounts-agule to the ontology (see Section 4). The effédhis is
that all agents may perform a different action thhe action they were initially
obliged to do. Therefore, the right to create ndang is not self-evident. It is,
however, a right that belongs to a leader.

5.2 Coordination Policy Set

The coordination policy set describes how actiona plan should be coordinated.
We consider two coordination patterns (as depictedrigure 2), which are both
governed by this policy set.

Definition 2 Coordination Policy Set

1. An agent should notify the requester after it hafgrmed a requested action

If the agent knows who will perform the subseqaetion, it should notify that
agent after it finishes performing its own action

3. If the agent knows who will conduct the subsegaetion, it is not required to
notify the requester after it finishes performitgyaction

The first policy ensures that, in case of centealizoordination, the requester
knows when the subsequent action may begin. Tideesto the “done” messages 2, 4
and 6 on the left side of Figure 2. In case of daadized coordination, the requester
is notified after the plan is finished, i.e. by fo message 6 on the right side of the
figure.

The second policy of Definition 2 concerns the cafsdecentralized coordination.
When an agent has received a request for a cooedirgction, it knows who will
perform the subsequent action, and must notify #gant after it has finished its
action.

The third policy is enforced with high priority, @ncan be regarded as an
exception to the first policy of Definition 2. Thjzlicy prevents requested agents
from notifying their requester when the plan isyophrtially completed. As can be
seen on the right hand side of Figure 2, the twengggthat are requested to perform
actiona and actiorb of the plan do not send a “done” message to tleejuester. The
rationale behind this is that, in the decentralizade, partially-finishedotifications
are not needed fgulan coordination which is the purpose of this policy set. There
may be other reasons why this may be desirable, ®.gnonitor plan progress to
respond to unexpected events in a timely way [B]s Tan always be implemented in



an additional higher priority policy set, whichdpecially designed for that purpose.
However, issues such as dealing with plan failureeplanning are issues of future
research.

5.3 Leader Absence Policy Set

What if the agents find themselves in a leaderleam? This may happen either
because nobody has been appointed as a leadeseothel leader is (temporarily)
unavailable. In this case, the other agents intehen must take care of the collective
obligation themselves. This issue is handled byieng that one agent assumes the
leader role, and thereby becomes subject to thiketship policies of Definition 1.

Definition 3 Leader Absence Policy Set

1. When no leader is present, the CO is triggered, thedagent knows it can fulfill
the CO, it should assume the leader role

2. When no leader is present, the CO is triggered,tbatagent cannot fulfill the
CO, it should notify the whole team of the CO teigg

3. An agent should not notify its team about a COgieig when it has been notified
itself by another team member about that CO trigger

The first policy ensures that a capable leader vallnteer in case the collective
obligation is triggered in a leaderless team. Aeragmay assume leadership by
registering with the KAoS directory-service, whiohly accepts such a registration
when there are no other leaders already currentifadble. In this way, we prevent
multiple agents from taking leadership at the séime, on a first come, first served
basis.

The second policy is a variation on the policy ddfibition 1.2, adapted to the
leaderless scenario. For example, when an ageetwassa safety critical event (the
CO s triggered), but the agent is not capable rsfugng safety, the agent should
notify all of its team members about it, so someelse in the team can fulfill the CO.

The third policy is an exception to the second raled prevents agents from
repeatedly notifying one another about the samleatote obligation trigger.

5.4 Configuration Policy Set

The policies discussed so far are the same foeight different kinds of teams
depicted in Figure 1. In this section, we will diss the configuration policy set
which states which of the eight team strategiesatients must follow.

Definition 4 Configuration Policy Set

1. Do not request distributed coordinated actions
2. Do not request actions to a team

In contrast to the policy sets we discussed eatlesse policies are optional, and
can be switched on and off depending on the wayté¢laen designer wishes to
configure the team. If the first policy is switched, the team will apply centralized
plan coordination. If it is switched off, the teawill apply decentralized plan
coordination.



If the second policy is switched on, the team waply individual task allocation.
If it is switched off, the team applies group tadllocation. Group task allocation can
be implemented using collective obligations that dealt with using the policies
described in the previous sections. For exampleedoiest actiora to a group, the
actiona is added as a collective obligation to that grolipe leader absence policy
set (Definition 3) ensures that a leader whichaigable of performing actiomstands
up, after which the leader policy set (Definitiop énsures that this agent performs
actiona.

To implement pre-established leadership assumpéideader must be appointed
beforehand, using KPAT. To implemeatl hoc leadership assumption, no leader
should be defined beforehand, such that the paficRefinition 3.1 ensures that a
leader will volunteer at runtime if needed.

6. MECA SCENARIO

We tested the policies using a Mars mission scendeiveloped in the Mission
Execution Crew Assistant (MECA) project [16]. THisng-term project aims at
enhancing the cognitive capacities of human-machieems during planetary
exploration missions by means of an electronicrgartThe e-partner helps the crew
to assess a situation and determine a suitableseairactions when problems arise.
A large part of the project is devoted to develgparequirements baseline, taking
into account human factors knowledge, operationemahds, and envisioned
technology. Developing new prototypes using emerggchnologies, such as this
one, is a continuous activity in the project.

One of the major themes is dealing with the longcmnication delays between
Earth and Mars. This has led researchers to cansele@ forms of mission control
that are less centralized on Earth, allowing greatéonomy to the astronauts on
Mars [10]. We believe that our work on policies ateém strategies is a useful
contribution to this problem.

One of the use-cases that has driven the develdpoieMECA’s requirements
baseline concerns an astronaut suffering from Mgyatia. The initial situation is
depicted in Figure 7.

Herman is in the Habitat; Anne, Albert and two navare in team A; Benny and
Brenda are in team B. Benny and Brenda are on &-qolecting procedure.
Suddenly, Benny's space suit fails. Brenda and NHeCA system diagnose the
problem together and predict hypothermia. Immedatton is required. A rover
from team B comes to pick Benny up and brings honthie habitat. Someone with
surgery skills and someone with nursing skills awaim there and take care of
Benny, after which he safely recovers.

One of the requirements of MECA is that safetyhef trew must be ensured at all
times. We implemented this requirement using aectilfe obligation of the MECA
team to EnsureSafety The trigger of this collective obligation i©bserve-
SafetyCriticalEventWithin the scenarioboth of these actions are added in a specific
MECA-action ontology which extends the KAoS cord¢i@t ontology. The ontology
also specifies several subconceptOdfserveSafetyCriticalEvensuch asObserve-
SpaceSuitFails. This causes ObserveSpaceSuitFaildo trigger the collective
obligation.



Figure 7 MECA prototype

The seven agents in the example (five astronautdvem rovers) are implemented
in Java. Because most of the agent behavior indgsonstration is implemented by
the policies, the Java implementation could remairny simple. We used Java to
implement how the actions, suchBringToHabitat are performed. For the purposes
of this demonstration, a simple screen animatios sudficient. We also implemented
in Java how the agents remain policy-compliant.sTimeans that they consult the
KAO0S guard to check which obligations and authdrirapolicies apply. They fulfill
an obligation by simply executing the code thatlengents the action concerned. It
fulfills a negative authorization by refraining fnoexecuting the corresponding piece
of code.

The most important aspect of this demonstratiothésunfolding of the scenario
after the actiorObserveSpaceSuitFails performed. This is driven exclusively by
KAoS policies. By applying the different team canfiations described in Section 0,
we obtain different event traces which demonsttlagefunctioning of the team. The
event trace for the most centrally organized teeeprésented by the black cube in
Figure 1) is shown below.

Brenda performs ObserveSpaceSuitFails

Brenda is obliged to perform SendNotificationOfTrigger

Brenda to Herman: SendNotificationOfTrigger

Herman is obliged to perform EnsureSafety

Herman is authorized to perform CreatePlan

Herman performs CreatePlan

Herman is not authorized to perform RequestCoordinatedAction
Herman is authorized to perform RequestAction

Herman to Roverl: request BringToHabitat

Roverl performs BringToHabitat

Roverl is obliged to perform SendNotificationOfRequestedActionFinished
Roverl to Herman: SendNotificationOfRequestedAction Finished
Herman to Albert: request PerformSurgery

Albert performs PerformSurgery

Albert is obliged to perform SendNotificationOfRequestedActionFinished
Albert to Herman: SendNotificationOfRequestedAction Finished
Herman to Anne: request Nurse




Anne performs Nurse
Anne is obliged to perform SendNotificationOfRequestedActionFinished
Anne to Herman: SendNotificationOfRequestedActionFi nished

Figure 8 Event trace of MECA team with maximal central authaity

The events printed in bold are actions; the undedievents are communication
actions; the italicized events represent polictest were triggered. Typical to this
event trace is that Brenda immediately knows thatraust contact Herman after she
observed the spacesuit failure. This is due to pheestablished leadership of
Herman. Furthermore, Herman delegates the pattegflan to individual agents (i.e.
individual task allocation), and he waits until tiegjuested agent is finished before he
requests the next action in the plan (i.e. cezdliplan coordination).

The event trace for the team with most member amgn(represented by the
white cube in Figure 1) is shown in Figure 9.

Brenda performs ObserveSpaceSuitFails

Brenda is obliged to perform SendNotificationOfTrigger
Brenda to Roverl: SendNotificationOfTrigger

Brenda to Anne: SendNotificationOfTrigger

Brenda to Albert: SendNotificationOfTrigger

Brenda to Rover2: SendNotificationOfTrigger

Brenda to Herman: SendNotificationOfTrigger

Brenda to Benny: SendNotificationOfTrigger

Anne is obliged to perform AssumeLeaderRole

Anne is obliged to perform EnsureSafety

Anne is authorized to perform CreatePlan

Anne performs CreatePlan

Anne is authorized to perform RequestCoordinatedAction
Anne is authorized to perform TeamRequestAction

Anne to MecaTeam: request BringToHabitat

Anne to MecaTeam: request PerformSurgery after Brin _gToHabitat
Anne to MecaTeam: request Nurse after PerformSurger v
Roverl is obliged to perform AssumelLeaderRole

Roverl performs BringToHabitat

Roverl is obliged to perform SendNotificationOfTrigger
Roverl to MecaTeam: SendNotificationOfTrigger

Albert is obliged to perform AssumelLeaderRole

Albert performs PerformSurgery

Albert is obliged to perform SendNotificationOfTrigger
Albert to MecaTeam: SendNoatificationOfTrigger

Herman is obliged to perform AssumelLeaderRole
Herman performs Nurse

Figure 9 Event trace of MECA team with maximal member autonany

Typical to this event trace is that Brenda notifiee whole team about the CO
trigger, after which Anne becomes a leader (@é.hoc leadership assumption).
Furthermore, Anne delegates her actions to the MB€a&m (i.e., group task
allocation). Also, she delegates all actions ateoand instructs the agents how to
coordinate the actions (i.e., decentralized plaordioation).

7. RELATED WORK

A similar approach to teamwork, based on electrorgttutions, is reported in [9].
This framework captures coordination aspects byadynally composing existing
teamwork components, s.a. communication protoandsaperational descriptions, to
meet the current problem requirements. Our appréachore centered around the



idea of constraining autonomy, i.e. by using corapanal policies as basic teamwork
components.

The pioneering research of Cohen and Levesquenfduced the notion of a
joint persistent goas the ultimate driving force behind teamworkotm framework,

a collective obligationserves a similar purpose. A difference is that @ohed
Levesque based their approach on mentalistic ngtisnch as goals, beliefs and
intentions, whereas our approach is based ondutistial notions, such as obligations
and authorizations. This allows the approach toused by both simple and
sophisticated agents, of heterogeneous varieties.

A similar difference can be observed when compadnog implementation with
other teamwork model implementations, such as STHAMSTEAM is based on
Soar, a general cognitive architecture for intelfigsystems, whereas our approach is
based on KAo0S, which is a policy framework. A cependence between our
implementation and STEAM is that both approachesvihe rely on plans in the
teamwork process. A crucial requirement for effectteamwork is maintaining a
sufficient level of common ground [15]. By adoptitige KAoS framework, some
important aspects of common ground were naturalgueed. The common ontology,
which is maintained by the directory service anstributed to the guards, ensures
that every agent shares understanding of the doreaims. Also the collective
obligations of the team, which are representetiénantology, are mutually known.

8. CONCLUSION

In this paper, we have proposed a policy-basedoagprfor human-agent teams.
We have implemented a variety of teamwork model&4woS. These models have
demonstrated their value in a simulation of a Maission scenario, where a delicate
decision must be made between central authorityn@erber autonomy.

We believe that our approach to teamwork has cerside benefits in terms of
reusability, clarity, and generality. Although thges of teamwork we support are
still elementary, we believe that more complex teank can be implemented by
utilizing additional policies on top of the polisieve have proposed here.

In the future, we plan to extend the teamwork madebtleal with unexpected
events. This requires a leader to monitor his orpten, and to perform replanning if
the plan does not go as expected. Also, the teambms can be of help here by
notifying their leaders when their requested adtifail (cf. [8]). Such policies can be
implemented in KAoS, in a similar fashion as weédescribed in this paper.
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