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Communication and Shared Mental Models for
Teams Performing Interdependent Tasks

Ronal Singh, Liz Sonenberg, Tim Miller

University of Melbourne, Melbourne, Australia.
ronals@student.unimelb.edu.au, {l.sonenberg, tmiller}@unimelb.edu.au

Abstract. Research shows that performance of human teams improves
when members have a shared understanding of their task; that is, when
teams develop and use a shared mental model (SMM). An SMM can
contain different types of information or components and this paper in-
vestigates the influence on team performance of sharing different com-
ponents. We consider two components of an SMM: intentions (e.g goals)
and world knowledge (e.g beliefs) and investigate which component(s)
contribute most to team performance across different forms of interde-
pendent tasks. We performed experiments using a Blocks World for Team
(BW4T) testbed for artificial agent teams and our results show that with
high levels of interdependence in tasks, communicating intentions con-
tributes most to team performance, while for low levels of interdepen-
dence, communicating world knowledge contributes more. Additionally,
as is the case with human teams, higher sharedness correlated with im-
proved team performance for the artificial agent teams. These insights
can assist in the design of communication protocols that improves team
performance when team members are engaged in interdependent tasks
and help design artificial agents that can communicate effectively when
working with humans as teammates.

Keywords: Task interdependence, shared mental models, joint action

1 Introduction

Agents perform tasks that range from independent tasks that does not re-
quire interactions with others to highly interdependent tasks requiring close and
continuous interactions [14]. When faced with interdependent tasks, effective co-
ordination and collaboration of team members become crucial. One of the key
foundations of effective coordination and collaboration is having shared mental
models (SMM). Shared mental model has been defined as [1]: “knowledge struc-
tures held by members of a team that enable them to form accurate explanations
and expectations for the task, and, in turn, coordinate their actions and adapt
their behaviour to demands of the task and other team members”.

More than a decade of research has correlated SMMs with improved team
performance in human teams [12]. The basic assumption is that SMMs allow
team members to anticipate the needs and actions of other members, thereby
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increasing team performance. Recent studies in human-agent and artificial agent
teams have also found similar correlations [3, 5]. SMMs can be broadly classified
as either task work model or team work model. Task work concerns the task
or job that the team is to perform, while team work concerns what has to
be done in order to complete a task as a team [9]. SMMs can also be viewed
as having different components [5, 9], such as world knowledge and intentions.
World knowledge includes knowledge of the current state of the environment and
the team while intentions represent what the agents intend to do [4].

Four types of task interdependence have been identified for human activities:
pooled, sequential, reciprocal, and team [14, 15]. In sequential task interdepen-
dence, tasks are performed in a sequential order. For example, in a relay race
each runner has to wait for the previous team member to pass on the baton.
In reciprocal task interdependence, participants take their turn in completing
part of the task. A key property associated with reciprocal task interdependence
is interleaved execution: for example, surgical teams often work reciprocally. In
team task interdependence, participants execute their individual tasks concur-
rently and may include joint actions. By “action”, we mean the atomic actions
that make up a task. In joint action, multiple participants execute a particular
action concurrently, for example when two people lift a heavy object together.
In pooled task interdependence, the participants can successfully execute tasks
without any interaction with each other. Due to the simple nature of these
tasks, we do not study such tasks in this paper. The four types of task in-
terdependence forms a hierarchy of pooled-sequential-reciprocal-team, with this
hierarchy representing increasing levels of dependence between team members
as well as increasing needs for coordination [14].

While sharedness has been linked with better team performance, central to
the notion of SMM is how much and what to share. There has been recent work
investigating this question in multi-agent systems research, such as [5, 11, 17].
However, as far as the authors are aware, with the exception of Li et al. [10], stud-
ies in the related work only consider sequentially-interdependent tasks, rather
than more tightly linked team and reciprocal tasks. A recent report [16] high-
lights the need for studies considering other types of interdependence, notably
intensive task interdependence – a type that we characterise as a joint action.

The subject of this paper is the communication content, specifically what to
share when team members engage in interdependent tasks. We investigate the
influence of the two components of the SMM (world knowledge and intentions)
on the team performance across different forms of interdependent tasks. We used
search and rescue like scenarios for a team of artificial agents for the experiments.
The scenarios were generated using a Blocks World for Teams (BW4T) testbed
[8]. In BW4T, which is an extension of the classical blocks world domain, the
teams’ joint task is to find and deliver coloured blocks in a particular order. Us-
ing the testbed, we designed and executed two sets of experiments. The first set
studies the influence of sharing the two components – world knowledge and in-
tentions – on the team performance for each form of task interdependence. The
second set introduces joint actions within sequential and reciprocal tasks and
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studies the influence of sharing the two components on team performance. In-
troduction of joint actions allows for a shift from sequential or reciprocal to team
task interdependence where members execute individual actions concurrently.

The outline of the paper is as follows. Section 2 introduces SMM, along with
related work. Section 3 describes the task and the testbed and provides the
details of the artificial agents that we implemented. Section 4 details the exper-
imental setup while Section 5 discusses the results. Sections 6 and 7 conclude
the paper with a discussion.

2 Background and Related Work

Mental models are simplified representations used by individuals to explain
and predict their surroundings [13]. These models comprise content and structure
or relationships between the content. In addition, individuals can simultaneously
hold multiple mental models. In a team setting, when team members interact,
their mental models converge resulting in shared mental models.

To extend the concepts of SMM that has been well studied for human teams
[12] to human-agent teams, Jonker et al. [9] proposed mental model ontologies.
They view a team as a system. A team performs team activities and has physical
components, e.g. team members. A team member is an agent with a mind com-
prising many mental models: all but one of which represent the mental models
of others in the team. Based on this conceptualisation, they proposed a mea-
sure that could be used to assess the similarity or the overlap of agents’ mental
models. We discuss this measure in the next section.

2.1 Measuring SMM

While several methods exist for measuring SMMs for human teams [2], one for
teams comprising artificial agents is Jonker et al. [9]. Harbers et al. [5] extended
Jonker et al’s similarity measure so that it could be applied to teams of agents
and performed experiments to show that their similarity measure can be used to
predict team performance. We discuss the extended version of the measure next.
In the following discussions, similarity refers to the overlap of the mental model
contents of the agents. We consider the SMM to be made of two components –
world knowledge and intentions.

Figure 1 shows an example of SMM. Assume Bot 1 and Bot 2 are two agents
engaged in a joint task. Each has its mental model. While engaged in their task,
the agents may communicate their beliefs and goals, making their own beliefs
and goals known to others. For example, notice that each agent has it’s own
as well as others’ beliefs and goals, which are shown in italics. The SMM is a
theoretical construct that can be used to represent the overlapping content of
the mental models of the two agents. In the example, the SMM is composed of
the components - world knowledge (beliefs) and intentions (goals).

Jonker et al. [9] and Harbers et al. [5] proposed a compositional measure
of sharedness. We reproduce their definitions here with some simplifications.
They view SMMs as having components, which can include sub-components.
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Fig. 1: Example SMM. The beliefs and goals of other agents are shown in italics.
An agent has certain beliefs and goals that it is not required to communicate,
e.g. in(agent, room), and these may not part of the SMM.

For example, Figure 1 shows an SMM with two components. Examples of sub-
components can be found in Section 3.3. The (sub)components can be queried by
posing questions that all team members should be able to answer. The answers
are used to compute the model agreements, which is a measure of the similarity
of the answers provided by each agent for each question. Formally, let M be
the set of all mental models, Q be the set of all questions, and ans(m, q) be the
answer of model m ∈M with respect to question q ∈ Q. The agreement between
models M for questions Q is:

Ag(M,Q) =
1

|Q|
∑
q∈Q

| ∩m∈M ans(m, q)|
| ∪m∈M ans(m, q)|

(1)

If | ∪m∈M ans(m, q)| = 0 then the agreement for question q is 0. Given a set of
agents A, a set of mental models MA (a model for each agent), and questions Q,
we say that the model m is shared to the extent θ, denoted by Sh(M,A,Q, θ),
with respect Q, iff Ag(MA ∪ {m}, Q) >= θ. The compositional measure CS is:

CS(M,A,Q) = max{θ | Sh(M,A,Q, θ)}, if M is not composed

CS(M,A,Q) = c({CS(m,A,Q) | m ∈M}), if M is composed
(2)

Where m is a component of M and c is composition function, for example:∑
m∈M wmCS(m,A,Q). Each component and sub-component can be weighted

to model the relevance of each (sub)component. The weight of each (sub)component
is wm ∈ [0, 1] and CS can be normalised to [0, 1] by setting

∑
m∈M wm = 1.
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2.2 SMM and Task Interdependence
Interdependence is the central organising principle of Coactive Design Method,

from Johnson et al. [7], which is a method aimed at designing systems in which
humans and agents collaborate as teammates. They define interdependence as
relationships between members of a team, and argue that these relationships de-
termine what information is relevant for the team to complete (interdependent)
tasks, and in that sense, the interdependent relationships define the common
ground that is necessary. A number of studies have considered some of the dif-
ferent forms of task interdependence [5, 17, 10], and some have also measured
sharedness [9, 5]. Generally, higher sharedness of mental models produces bet-
ter team performance. For example, Harbers et al. [5] found higher sharedness
correlated with better team performance. In their work, SMM were composed
of world knowledge and intentions, which is how we view SMM in this work.
Similarly, task interdependence has naturally been part of these studies. How-
ever, almost all involve sequentially interdependent tasks. The exception is Li et
al. [10], who introduced joint action in sequentially interdependent tasks and Wei
et al. [17], who studied tasks that were not very strongly sequential. They did
this by creating subtasks that multiple agents could complete simultaneously.
None of these have explicitly employed reciprocally interdependent tasks.

Mixed results have been reported for studies involving sequentially interde-
pendent tasks in terms of which type of information or component contributes
more to team performance, that is task completion times. Harbers et al. [5] re-
ported that when agents communicated their intentions with others, the team
performance improved more than if they shared world knowledge. However, Wei
et al. [17] reported that beliefs contributed more to team performance than goals.
While [17] did not measure sharedness, they view the agents mental models to
comprise of two components, goals (intentions) and beliefs (world knowledge).
We perform further experiments involving sequentially interdependent tasks and
may help explain the difference between the two studies.

In a separate study, Li et al. [10] introduced joint action in sequentially
interdependent tasks. They studied search and retrieval tasks using the BW4T
testbed. In one setup, agents collaborated on a task in which some blocks were
heavier, and required two agents to collect. The agents exchanged goals, beliefs,
and both. Their experiments revealed that with joint actions, exchanging goals
improved team performance, measured as completion time, more than sharing
beliefs only. When agents shared their goals that fulfil the current team sub-goal
with others, the other team members could start on a new task. This allowed
the team to finish the team task more quickly.

These works show that sequentially interdependent tasks have been investi-
gated, but other forms of task interdependence have not. This work aims to fill
that gap.

3 Scenario: Blocks World for Teams

We used a BW4T testbed [8] for our experiments. As explained next, we
modified the testbed to be able to setup tasks with joint actions.
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Basic BW4T: In BW4T, teams find and deliver coloured blocks in a partic-
ular order. The environment has a set of rooms, each containing coloured blocks,
and a drop zone. The agents search the rooms, find the required blocks and drop
these in the drop zone. Agents have a map of area but do not know the location
of the required blocks. Agents have to go to each room to perceive the blocks
that are present in it. Agents cannot see each other but can communicate with
others. A simplified map is shown in Figure 2. Each room has one door. The
teams’ joint task, i.e. the sequence of colours, is displayed at the bottom left.
A black triangle appears on top of a colour if the colour is dropped off. The
room above the joint task is the drop zone. The agents are represented by either
black squares or the colour the agent is holding, and their names are displayed
in red. The basic version is well suited to perform experiments for sequential and
reciprocal tasks. However, it does not explicitly support joint actions.

Fig. 2: Sample BW4T environment.

Modified BW4T: To design joint tasks that would be a fair representation
of the different forms of task interdependence, we modified the testbed. In the
original version, only one agent could be in a room at any one time. To implement
joint actions, we follow Li et al. [10] and introduce “heavy blocks”, which required
two agents to carry to the drop zone. This means in our version, two agents can
carry the same block simultaneous, and therefore can be in the same room at
the same time. Secondly, for team task interdependence, the blocks could be
delivered in any order, that is, we removed the sequential delivery requirement.

3.1 Task Design

We designed tasks to be able to test the effects of communication content
on the team performance for each type of the task interdependence as well as
later include joint action within other forms of task interdependence and test the
effect of communication content on the team performance for each combination.
Variations of two basic joint tasks (Figure 3) has been used to realise the different
forms of task interdependence.
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(a) Task 1 (b) Task 2

Fig. 3: Basic joint tasks used to simulate different types of task interdependence.

Team Task: In team tasks, agents execute their actions concurrently. The
joint task had some heavy blocks. The heavy blocks required one agent to help
the other lift it, and afterwards the first agent delivers it to the drop zone. The
act of lifting the heavy block together is the joint action. Additionally, the agents
could lift any colour. Consider the task shown in Figure 3a. In this task, agents
can lift both colours. The red blocks are heavy blocks. In order to remove the
underlining sequential interdependence from this task, the agents could deliver
the blocks in any order, for example, the second (red) block can be delivered
before the first (yellow) block. Green, pink and red are heavy blocks in Task 2.

Reciprocal Task: In a reciprocal task, each agent takes it’s turn in com-
pleting part of the task. In this task, the agents deliver a sequence of alternating
colour sets in the order the colours appear in the task. Furthermore, each agent
can lift colours from only one of the two distinct colour sets. Consider the task
shown in Figure 3a. For this task, one agent would be delivering yellow blocks
while the other red ones. The blocks must be delivered in the order they appear.
This means that agent delivering the red block now depends on the agent deliv-
ering the yellow blocks and vice-versa, making them reciprocally interdependent.

Sequential Task: In sequential task, the first three colours are delivered
by one agent while the remaining three by another agent. The blocks must be
delivered in the specified order, but the second agent is free to search for its
coloured blocks while the first agent is delivering.

3.2 Agent Teams and Agent Behaviours

We had two team compositions; 1) 2-agent team and 2) 4-agent team. The
4-agent team was a 2x2-agent team, i.e. 2 sub-teams of 2 agents each. This
composition was required for certain tasks, such as reciprocal tasks in which we
needed to have at least one agent for each of the two colour sets.

Agents were programmed in GOAL [6]. The BW4T testbed provides inter-
faces that enable GOAL agents to interact with it. Using these interfaces, the
agents can perceive specific details of the environment, such as the blocks present
in rooms, and can perform actions, such as picking up a block. The abstract de-
cision cycle of an agent is shown in Figure 4. The basic steps each agent takes
are: 1) decide the colour to search for; 2) choose a room; 3) go to and search
room; 4) if required block is found and is not heavy, pick it up; 5) if required
block is found and is heavy, ask for help and wait. When help arrives, pick up
the block; 6) deliver the block to the drop zone; 7) if help is requested, go to the
particular room and help lift the heavy block.

Initially, agents start searching for the first undelivered colour. However,
agents use a two-block look-ahead protocol to determine which colour to deliver.
If an agent knows the location of the first undelivered colour and has the intention
of collecting it, remaining agents search for the second undelivered colour. If the

9



Fig. 4: Abstract decision cycle of an agent.

one or more of the remaining agents know the location of the next required
colour, they go to that room. However, only one will be able to collect the block.
When the first colour is picked up, one agent collects the second colour while
others start searching for the third colour. The aim of this is to ensure that
sufficient time is dedicated to search. When required to lift a heavy block, an
agent only asks for help when it is physically present at the heavy block. Other
(helper) agents could potentially infer that help will be required soon and go to
the location of the heavy block before the agent actually asks for help because
the agent may tell others that it has the goal of going to the (heavy) block.
However, our agents do not perform this level of reasoning and only go to help
when asked. Furthermore, if one agent asks for help, all agents that are waiting
to drop a block at the drop zone or those that are currently searching for their
block will go to help. If the agent knows that the colour that it is searching
for, has the intention of holding or is holding is no longer required, then it will
discard the colour and go on to deciding what it will do next. Rooms are chosen
randomly and the agents avoid visiting a room more than once unless the room
contains multiple required blocks.

While the basic behaviours of agents are almost the same across the different
forms of task interdependence, there are differences in the way agents reason
about which colour to search for:

1) Sequential and reciprocal tasks: Agents choose the first undelivered colour.
If another agent has the goal of holding this colour, the agent chooses the
next undelivered colour.
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2) Team Task: Blocks can be delivered in any order. Therefore, agents do not
reason about when the block has to be delivered. Instead agents have to
determine whether the block is heavy and ask for help.

While certain aspects of agent behaviours are different because of task in-
terdependence, there are differences because of what the agents share with each
other. Therefore, while the basic decision cycle shown in Figure 4 is used by all
agents, there are some variations in their implementation. The implementation
has been guided by what the agents actually do with the information they receive
and has been described later in Section 3.4. Therefore, if only one component is
exchanged, the agent performs reasoning described for that component only.

3.3 Communication and SMM

Agents exchange messages that are indicative of the world knowledge and the
intentions. To develop the shared mental model, agents communicate as soon as
they have the required information. Agents exchange six sub-components, three
each of goals and world knowledge. These sub-components were selected based on
prior research work [5, 10] and preliminary experiments revealed that each sub-
component had the potential to improve team performance. The sub-components
are communicated as messages, which are discussed next. The keyword imp
stands for imperative and indicates what the agent intends to do.

The messages indicative of intentions are:

1) imp(in(Sender, Room)): Sender intends to visit Room.

2) imp(holding(Sender, Colour, Block)): Sender intends to collect Block of Colour.

3) delivered(Sender, Colour, Block): Sender has delivered Block of Colour -
implies agent has dropped current goal and may have a new goal.

The messages indicative of world knowledge are:

1) blockLoc(Sender, Block, Colour, Room): Sender has perceived Block of re-
quired Colour in Room.

2) pickedUp(Sender, Colour, Block): Sender has picked up Block of Colour.

3) visited(Sender, Room): Sender has visited Room. This message is sent irre-
spective of whether room contains required blocks.

3.4 Using Shared Mental Models

Agents employ the following policies to SMM to choose their activities such
that it prevents potential conflicts with the activities of others. The following
outlines how the agents use the components of the shared mental model.We chose
a straightforward use of each intention and world knowledge, which was suffi-
cient to test the effect of the component on the team’s performance and avoids
side-effects that would have been introduced because of using more complex
mechanisms. The intentions are used as follows:

1) An agent will not adopt a goal to go to a particular room if another agent
has the goal of going to that room. For reciprocal task, this logic applies

11



when both agents are delivering blocks from the same colour set, that is in
a 4-agent team and not in a 2-agent team.

2) An agent will not adopt a goal to hold a block that has been delivered.

3) An agent will not adopt a goal to hold a block/colour that another agent
has the goal of holding — unless the block is heavy (both agents need to lift
it together). For reciprocal tasks, this logic is applicable in a 4-agent team.

World knowledge is used as follows:

1) An agent will not search for a colour if this been found by another agent.

2) An agent will search for the next colour if the currently required colour has
been picked up.

3) An agent will not search a room that another agent has already searched.

Agents employ the above policies to SMM to reduce interference and dupli-
cation of effort. However, the agents have their own decision processes and may
make decisions simultaneously. This may result in instances where the agents
may adopt similar goals, for example to look for the same colour. Like Wei et
al. [17], we simply implement a “first-come first-served” policy instead of imple-
menting detailed negotiation mechanisms to assist agents resolve these issues.

4 Experiment Design

We ran a series of simulation experiments, measuring the following:

1) Completion Time: Time it takes the team to complete the task. We used
this measure as a proxy for team performance.

2) Number of messages: We measured the total number of messages exchanged
by the agents. We also counted the number of messages per component.
These measures are indicative of the communication cost.

3) Sharedness: We measured the sharedness of the agents’ mental models. This
is a compositional measure (see Section 2.1) and was calculated at the time
any block was delivered to the drop zone. When one agent drops off a correct
colour in drop zone, all agents log their belief and goal bases. These logs are
then analysed to find the overlapping content, which is used to compute the
sharedness values. The two components had a weight of 0.5 and each of the
three sub-components had a weight of 0.33. In experiments where only one
component was measured, the weight of the component was set to 1, and
only questions related to that component were asked.

In case of sub-teams, we also measured the number of messages and shared-
ness of the agents with each sub-team.

Independent Variable The independent variable is the component of the
SMM. This variable has three values (see Section 3.3): 1) World Knowledge
(WK); 2) Intentions (INT); and 3) World Knowledge and Intentions (ALL).

Setup We used two different maps, one for each task outlined in Section 3.1.
Variations of each task gave us three different task interdependence types. We
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Set 1 Set 2

Team size 2 agents 4 agents 4 agents

Map 1 2 1 2 1 2

Setup S1 S2 S3 S4 S5 S6

Table 1: Experimental setups (S1 – S6) for each type of task interdependence.

refer to Task 1 (Figure 3a) as Map 1 and Task 2 as Map 2. The setups are as
shown in Table 1. We had two sets. In set 1, we had four setups (S1-S4) (both
maps combined with two team compositions) for each of the three types of task
interdependence giving us 12 combinations.

Set 2 has two setups, S5 and S6, representing reciprocal and sequential tasks
with joint actions respectively. Here the sub-teams were reciprocally or sequen-
tially interdependent and were required to lift heavy blocks. We tested the effect
of the SMM components on completion times by employing three communi-
cation strategies: 1) ALL-ALL: where agents exchanged the two components
with every other agent. 2) WK-Within: where agents shared world knowledge
within each sub-team but shared intentions with all agents. 3) INT-Within:
where agents shared intentions within each sub-team but the world knowledge
with all agents. For these two setups, we only used a 4-agent team because a
2-agent team would not have enabled us to fully test the effects of the two com-
ponents. For example, we needed to have at least 2 agents in each sub-team to be
able to test the effect of sharing a component within the sub-team. Combining
S5 and S6 with the two types of task interdependence (sequential and reciprocal)
gave us further 4 combinations, and a total of 16 combinations.

Combining each of the 12 combinations from Set 1 with the three components
of the SMM (ALL, INT, WK) and the 4 combinations from Set 2 with the three
communication strategies (ALL-ALL, WK-Within, INT-Within) resulted in 48
combinations in total. Each combination was run 30 times resulting in 1440
runs. Each map had 25 blocks pre-allocated to rooms and further 10 blocks
were randomly generated giving a total of 35 blocks for each run. Each map
had 9 rooms, 1 drop zone and 6 blocks in the joint task. Statistical significance
tests were conducted using Wilcoxon rank-sum (WRS) and Kruskal-Wallis (KW)
tests.

5 Results

This study was aimed at identifying the components that contributed most
to team performance across different forms of task interdependence. Recall that
going from sequential to team tasks represents increasing levels of dependence
between agents as well as coordination requirements. For simplicity, we collapse
the results of the two tasks (shown in Figure 3) and report the averages.
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(a) Performance (b) Communication Cost

Fig. 5: Performance and communication cost for different forms of task inter-
dependence. The communication cost is expressed as the average number of
messages exchanged by all team members. Error bars represent on standard
deviation.

5.1 SMM Components and Team Performance

Figure 5a shows the average task completion times for the 2-agent and 4-agent
teams performing different tasks. These results are for experiments resulting from
setups S1-S4. Recall that a 4-agent team comprises 2 sub-teams of 2 agents each.
For team tasks, the intentions contributed more to team performance than world
knowledge. This finding is significant at 5% for all except two combinations and
consistent for both team compositions. In the team task, some blocks were heavy
and the agents could pick any colour. In such scenarios, knowing the intentions
of team members allows agents to avoid duplicating their activities, therefore
reducing interference. These results are in line with Li et al. [10], who reported
that with joint actions, exchanging goals results in improved completion times.

However, for sequential and reciprocal tasks, different trends have been ob-
served between 2-agent and 4-agent teams. For sequential tasks and 2-agent
team, the world knowledge contributed significantly more (p < 0.05) than in-
tentions in terms of task completion times. In this task setting, the first agent
delivered first three blocks while the remaining three by the other agent. Be-
cause agents had separate sub-tasks, exchanging world knowledge helped the
other agent find it’s required blocks faster. However, for reciprocal tasks, this
difference was less pronounced. We discuss this more later.

In 4-agent teams performing sequential tasks, no significant difference in
terms of completion times were noted between the two components. However,
it is worth noting that moving from 2-agent to 4-agent team, the importance
of intentions increases. A similar trend occurs for reciprocal and team tasks.
In these team settings, the agents within each sub-team could choose conflicting
goals, for example, choosing the same block to deliver. By exchanging intentions,
agents within sub-teams avoided duplicating their activities, therefore improving
the completion times.
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Fig. 6: The two graphs (2 agents and 4 agents) show that intentions become more
important more as the level of interdependence increases and as the number of
agents in each sub-team increases.

To make these trends clearer, we computed component influence (CI) for
each task. CI is computed based on the difference between the completion times
achieved when communicating both components and any one of the two com-
ponents. To normalise the difference between completion times across different
experiments, we used the tanh function. The CI for component c is:

CIc = tanh(CompletionT imeall − CompletionT imec)

The resulting values were normalised to between 0 and 1 using CInormalised =
(CI −min(CI))/(max(CI) −min(CI)). Figure 6 for 2-agent teams show that
with increasing dependence between agents, that is, going from sequential to
team interdependence, the importance of intentions increases while the impor-
tance of world knowledge decreases. For 4-agent team, the intentions were almost
always more important than world knowledge.

SMM and Joint Actions Results of experiments relating to setups S5
and S6 indicated that the difference between completion times of WK-Within
and INT-Within is significant (p-value = 0.009) in favour of INT-Within. This
indicates that sharing intentions within sub-teams and world knowledge with
everyone achieves the best team performance. This is consistent with our earlier
findings that intentions and team tasks are positively correlated. Also, world
knowledge and sequential and reciprocal tasks are positively correlated.

5.2 Communication Performance

Figure 5b shows the communication cost (average number of messages ex-
changed). The number of intentions exchanged was significantly lower (p < 0.05)
than world knowledge for about two-thirds of the combinations. This indicates
that agents generally have more information to communicate about the world
than their intentions. There was no correlation between the number of messages
and team performance. More communication resulted in worst performance in
some cases, particularly for larger teams. This is due to the two-block look-ahead
policy. When agents exchange information about possible blocks, in larger teams
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this often results is agents trying to collect the same block/colour and this in-
creases the completion time. When agents only exchange intentions, all agents
are required to find the blocks themselves, and so search randomly, thus reduc-
ing the number of unnecessary runs for the same block/colour. While it is clear
that a mechanism could be designed to improve this by using a different look-
ahead policy, we believe our policy is reasonable. Importantly though, this result
shows that simply throwing more information towards agents can result in worse
performance if significant thought is not given to how that information is used.
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Fig. 7: Sharedness and delivery times for a 2-agent team engaged in a team task.

5.3 Analysis of Sharedness

We computed the sharedness in relation to each component at the time a
block was delivered to the dropzone. Generally, higher sharedness correlates with
improved completion times. For simplicity we show the data for team task and
note that the results for sequential and reciprocal tasks are similar. For example,
Figure 7 shows the sharedness at the time each correct block is dropped off for
team tasks. The plotted delivery times are the time differences between block
deliveries. For team tasks, exchanging intentions achieved the best completion
times and the sharedness was highest for this component. Notice that in Figure 7,
sharedness of intentions is highest across all six blocks and the delivery times
when teams exchange intentions are fastest across most of the six blocks.

Sharedness and Sub Teams We measured the sharedness of members
within each sub-team for tasks solved by 4-agent teams. Sharing intentions re-
sulted in the best completion times and the sharedness of intentions was highest
for reciprocal and team tasks. For sequential tasks, we noted a significant in-
crease in the importance of intentions compared to 2-agent team. This supports
the finding that higher sharedness results in better completion times. The other
consistent finding is that in situations where we may have members of sub-teams
potentially duplicating their efforts, sharing intentions with each other helps
avoid such conflicting actions and therefore, improves the completion times.
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6 Discussion

We intended to identify the components contributing most to team perfor-
mance across the different forms of task interdependence. Our results show that
as the interdependence increases, the importance of intentions to team perfor-
mance also increases. These results are in line with [5, 10] who found that when
team members exchanged intentions, the team performance improves. In [5],
teams were engaged in sequential tasks and their team composition was simi-
lar to our 4-agent team while in [10], the authors introduced joint actions in
sequentially interdependent tasks.

While our results are in line with the above works, we have observed that
when team members can perform their sub-tasks independently, e.g. in 2-agent
teams, exchanging world knowledge contributes more to team performance for
sequential and reciprocal tasks. This makes sense intuitively: if other members
provide potentially useful information, such as location of blocks that one is
required to deliver, the team performance improves. This is a form of soft inter-
dependence [7] where one team/member ‘helps’ another voluntarily. In case of
4-agent teams, we found that intentions contributed more to team performance
across all forms of task interdependence. This indicates that team composition
plays a role in which component is important to team performance.

Our findings that are partially consistent with [17] who found that for sequen-
tial tasks, beliefs contributed more to team performance. While this is consistent
with the results of our 2-agent team, we noted a marked increase in the impor-
tance of intentions when 4-agent team was concerned. These differences may
hinge on other factors, such as how effectively the agents use the information
that it receives. This is an area of future work.

Finally, our findings are consistent with others (e.g. [5]) in terms the role
SMM plays in improving team performance. Across all tasks and both team
compositions, higher sharedness of SMM resulted in improved team performance.

7 Conclusions and Future work

The four types of task interdependence form a hierarchy, from pooled to team,
representing increasing levels of dependence between team members as well as
increasing needs for coordination. We found that with increasing levels of inter-
dependence, the importance of intentions increases as well. Team composition
also plays a role in which component contributes more to team performance. In
team compositions, where agents can perform their tasks independently, e.g. in
sequential and reciprocal tasks, world knowledge contributed more to team per-
formance. When multiple team members may be engaged in a single sub-task,
the potential of interference increases and so does the importance of knowing
the intentions of others.

A factor to investigate further is the reasoning capability of the agents; that
is, how the agents reason with information that they receive from others. We also
have not explicitly analysed the behavioural changes in the agents when agents

17



switch from one task interdependence type to another, making this another
opportunity for future investigation.
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Abstract. The design of a rational organization composed of a team of agents is 

a challenging problem in domains such as collective robotics, cyber warfare, war 

games and military missions. In these domains, the team is designed to confront 

an opponent team with technical and numerical equivalence, and aiming to con-

quer areas where there are scarce resources of high economic value, that are dis-

tributed in locations within a territory whose topology is unknown. In these sce-

narios, it is hard for the agents to do the right thing. In addition to being compet-

itive, the task environment is unknown, partially observable and dynamic. The 

challenge is how to design a rational team whose members are not ideal rational 

agents. This work argues that one approach is to implement a suitable organiza-

tional specification that fits the task environment, according to some previously 

defined environmental patterns that include both domain-specific and topological 

characteristics. In this work, we present an experimental evaluation of these pat-

terns’ influence on the performance of teams of agents evolving on the Agents 

on Mars scenario, a well-known agent programming testbed. The results of the 

evaluation show that organizational specifications that exploit this information 

perform better than others that don’t. 

Keywords: Organizations, Team Formation, Engineering Multi-Agent Systems 

1 Introduction 

The design of rational agents is a nontrivial task, especially in hard task environments. 

The hardest case corresponds to a multi-agent, unknown, partially observable, nonde-

terministic, sequential, continuous and dynamic environment [1]. The designer must be 

satisfied with a non-ideal rational agent to evolve in these domains. In a multi-agent 

domain, the challenge that arises is how to design the organization of the multi-agent 

system; more specifically, in competitive environments, the problem to solve is how to 

design a rational team of agents, each of them not ideally rational [2, 3]. 
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In our context, a MAS organization is “… a supra-agent pattern of emergent or pre-

defined cooperation of the agents in the system, that could be defined by the designer 

or by the agents themselves, in order to achieve a purpose." [2]. The notion of team 

identifies an organizational paradigm where a group of agents has to work together in 

order to achieve a common goal in a task environment. Each agent assumes a role and 

commits himself to attain some goals that are necessary to achieve the team's overall 

objective. The team maintains an explicit representation of its organization, called Or-

ganizational Specification (OS) [3]. 

This work is a contribution for the sub problem of designing the teams’ organiza-

tional structure, what is called in organization theory as the “synthesis problem”, 

namely: “which structures are best suited to solve optimally certain types of problems?” 

[4] or “given a certain set of conditions to be satisfied, how to find the network which 

is best?” [5]. In particular, the problem considers that the designer knows in which kind 

of environment the team should evolve and his task is to determine a suitable organiza-

tional structure that fits the task environment. 

We consider that a suitable team’s organizational structure must fit the task environ-

ment in each domain. We focus on the relation between some environmental patterns 

in the task environment and the number of groups/squads of agents in the team struc-

ture, specially to assess the influence of this relation in the performance of a team de-

signed to confront an opponent team with technical and numerical equivalence, and 

aiming to conquer areas where there are scarce resources of high economic value (clus-

ters), that are distributed in locations within a territory whose topology is unknown. 

We consider that the same approach can be applied in other domains in which the 

environment can be represented by a weighted graph, where the vertexes denote re-

sources and possible locations for the agents, and the edges indicate the possibility of 

crossing from one vertex to another with a cost for the agent. In our work, a cluster is a 

“valuable area” represented by a subgraph of vertexes with high resource values. The 

notion of environmental pattern is defined based on some clusters’ spatial attributes, 

whose values can be perceived by the teams when they explore the environment. 

The main contribution of this paper is a methodological one – viz. an empirical ap-

proach for relating features of task environments to successful agent team composi-

tions. The team composition problem considers that the designer has worked previously 

on the team's OS; his task is to refine the initial structural specification, determining 

which roles the agents can play in the groups, and how many groups and their cardinal-

ity are necessary to maximize the team's performance evaluation measure in an envi-

ronment with previously known environment patterns. 

The agents' team performance evaluation is domain-dependent. In our case, it is 

based on the Agents on Mars scenario, a testbed provided by the Multi-agent Program-

ming Contest [6]. The results of our evaluation show that organizational specifications 

that exploit this information perform better than others that don’t. For example, the 

number of clusters leads, in some cases, to situations where it may be better for the 

whole team to occupy a single cluster, while in other cases it may be better to divide 

the team into smaller squads to try to gain control over multiple clusters in the environ-

ment. 
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2 Evaluation of the Organizational Design 

Previous researches in the field of organization theory has already focused on the eval-

uation of the quantitative effect of the organizational design on the SMA's performance.  

Horling and Lesser [7] focus on the comparison of organizational paradigms. They 

present a survey of the major organizational paradigms used in multi-agent systems. 

These include teams and others human organizational patterns. They provided the de-

scriptions of these patterns, their advantages and disadvantages, and examples of use. 

They argue that their work allows the designers to recognize a large set of structural 

possibilities, who can realize comparative evaluation of organizational structures and 

then select an appropriate organizational design for a particular domain and environ-

ment. 

van der Broekwork et al. [8] proposed an approach for the analysis and the formal 

modeling of agent-based organizations. The approach addresses both the organization 

structure and its dynamics. The environment is considered as a special component of 

the organization model. It serves as a source of events for the organization. The envi-

ronment is populated by agents that under certain conditions may be allocated to or-

ganizational roles. By performing simulations and verification, the approach provides 

formal techniques and tools for different types of analysis of organization models. 

Hodgson et al. [9] developed a framework that supports hierarchical modeling of 

teams of agents. A team (group) is a composite component that is characterized by a 

number of roles, that are enacted by agents and other teams. The framework focuses on 

the technical side of programming and implementation of SMA. The authors introduced 

a formal language for specifying the dynamics of individual roles and teams, providing 

different interesting types of analysis of the SMA dynamics. 

Scerri et al. [10] have focused on studies about the properties and the performance 

of teams with hundreds of members. They developed a model of teamwork to address 

the limitations of others models applied to very large teams. The model organizes team 

members into subteams that evolve dynamically, and into overlapping subteams that 

work on subgoals of the overall team goal. They experimented these very large teams 

evolving in distinct domains, such as control of fire trucks responding to an urban dis-

aster and simulated unmanned aerial vehicles in a battlespace. 

Grossi et al. [4] [11] argue that "organizational structures should be seen along at 

least three dimensions: power, coordination, and control". They provided a technical 

terminology for describing the notion of structural organization and its properties. The 

concepts are defined rigorously by means of concepts from graph theory. In addition to 

be useful for describing the organizational structure, they can be employed to provide 

a formal analysis of the effect of such structures on the activities in the SMA. Their 

formal tool can be useful to provide numerical analyses of the organizational structures, 

and for evaluating to what extent an organizational structure exhibits some characteris-

tic properties such as robustness, flexibility and efficiency. 

Machado et al. [12] developed a detailed discussion related to multi-agent patrolling 

and an empirical evaluation of possible patrolling solutions in domains such as com-

puter networks and computer war games. The authors proposed different architectures 
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of multi-agent systems, various evaluation criteria, applied in two experimental set-

tings. They implemented a patrol simulator. The results show that some kinds of archi-

tecture can patrol an area, in certain circumstances, more adequately than others. 

Furtado and Filho [13] described a simulator of crimes in an urban area. The user 

configures and allocates police forces in certain geographical regions and then interact 

with the simulation, watching the crime behavior in the presence of preventive police. 

They described how studies involving simulations can help to determine whether a re-

organization is necessary and how it should be performed. The simulation results illus-

trate how to exploit opportunities for the system to be reorganized. 

Although some of these detailed studies about structures had tried to answer the 

question of which structures are best suited to solve problems in environments that can 

change (or not) frequently, they do not address other properties that are intrinsic in hard 

task environments, as the case of a partially observable and unknown environment, 

neither any kind of analysis relating to patterns detected in this environment. 

3 The Suitable Team Structure 

The design of a rational agent team can be a very complex problem. The hardest case 

corresponds to an environment that is partially observable, nondeterministic, sequen-

tial, continuous, unknown and dynamic [1]. One of the main challenges associated with 

the design problem, involves the search for solutions for the synthesis problem, namely, 

“which structures are best suited to solve optimally certain types of problems?” [4]. In 

this context, the relation between the set of possible patterns of the environment and 

the set of possible organizational structures for a team is a necessary information for 

the designer of a rational team, i.e., that must be able to use this knowledge to revise 

the team formation, changing for a suitable structure when the team discovers the en-

vironment patterns or when these patterns change [14]. 

3.1 Environmental Patterns 

We focus in this work on agent teams designed to confront opponent teams with tech-

nical and numerical equivalence, and aiming to conquer areas where there are scarce 

resources of high economic value, that are distributed in locations within a territory 

whose topology is unknown, but that can be discovered by the teams as the agents in-

teract with their environment. The agent teams’ territory can be a physical environment, 

as a battlefield in an unconventional war, where military groups are formed in order to 

realize campaigns to conquer certain areas in big cities, which were contained by traf-

fickers and militias [15]. It can be a virtual battlefield in a war electronic game, multi-

player, online first-person shooter [16]. The battle can happen in the cyberspace as well, 

where occurs anonymous cybernetic attacks, that are directed at political leaders, mili-

tary systems, and any ordinary citizen, anywhere in the world [17]. 

These battlefields can be represented by a vertex-edge-labeled graph (weighted 

graph with two vertex functions), where the vertices denote resources and possible lo-
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cations for the agents, and each edge indicates the possibility of crossing from one ver-

tex to another with a cost for the agent. Each vertex in the graph has a resource value 

and, optionally, an identifier. Formally, the vertex-edge-labeled graph G = (V, E) con-

sists of a set of vertices V and a set of edges E, which contains unordered pairs of distinct 

elements of V, a vertex value function vvf: G(V) → N, a vertex labeling function vlf: 
G(V) → Idv, and an edge value function evf: G(E) → R, where N is the set of natural 

numbers employed to value the resources in the vertices in G, Idv is a subset of the 

natural numbers (e.g.: {1, …, | V|}) employed to identify the | V| vertices in G, and R is 

the set of real numbers employed to represent the cost of edge crossing. 

A path (of length n) from a vertex u to a vertex v in a graph G is a collection of edges 

of the form (u, v1) (v1, v2), … , (vn, v). A graph is connected if and only if: (a) it con-

tains just one vertex, or (b) it contains a path between every pair of its vertices. A graph 

G1 = (V1, E1) is a sub-graph of a graph G2 = (V2, E2) whenever V1 ⊆ V2 and E1 ⊆ 
E2. The notion of environmental patterns in this work tries to capture the diversity of 

environments, i.e., how many "valuable areas", sub-graphs representing the higher val-

ued resources, appear in a graph G. In our work, these “valuable areas” are called clus-

ters. In order to formally define the notion of cluster, let infVc denotes an inferior limit 

value of resource capacity by vertex in a cluster, and infCc an inferior limit value of 

resources capacity by cluster. We define the notion of cluster in the graph G = (V, E) 

as any sub-graph C = (V’, E’) that satisfies three conditions: 

(1) ∀v ∈ C(V′), vvf(v) ≥  infVc 

(2) C is a connected sub-graph 

(3) infCc ≤ ∑ vvf(v)  ≤v ∈ C(V′)   ∑ vvf(v)v ∈ G(V)  

The first condition ensures that the resource value associated with each vertex in a 

cluster C is greater than the inferior limit value of resource capacity by vertex. The 

second condition ensures that the clusters in the graph G can be a sub-graph C with only 

one (isolated) vertex with high value, or a sub-graph in which all vertices in C are not 

isolated. Finally, the third condition ensures that the sum of the resource values associ-

ated with all vertices in a cluster C is greater than the inferior limit value of resources 

capacity by cluster, that must be lesser than or equal the graph capacity, i.e., the sum of 

all values of resource capacity in the graph G. 

Figure 1 illustrates the notion of a cluster C = (V’, E’) in a graph G = (V, E), when 

|V| = 21 vertices and |E| = 52 edges. The vertices that are not graphically described by 

a circle in Figure 1(a) represent the vertices v in V that satisfy the first condition to be 

a member of V’ when InfVc = 1, i. e., vvf(v) ≥ 1. The three selected sub-graphs in 

Figure 1(b) represent those sub-graphs G’ in G that satisfies the first and the second 

condition to be a cluster C in G. The two selected sub-graphs in Figure 1(c), C1 and C2, 
represent the sub-graphs G’ in G that are clusters, i.e, those that satisfy the three condi-

tions when InfCc = 10,  i.e., ∑ vvf(v)  ≥ 10v ∈ C1(V1)  and ∑ vvf(v)  ≥ 10v ∈ C2(V2) . 

When considering the distribution of values of vertices of a cluster C in G, two extremal 

cases are possible: highly diverse clusters with the maximum possible number of dis-

tinct values, and homogeneous clusters having vertices of the same value. 
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            (a) First condition         (b) Second condition           (c) Third condition 

Fig. 1. Clusters 

The notion of environmental pattern associated with a vertex-edge-labeled graph G 
is defined as a tuple EP(G) = <S, N, H, D>, considering four attributes associated with 

the distribution of all clusters in G, such that: S represents the mean size of the clusters 

in G; N represents the number of clusters in G; H (homogeneity) represents how much 

the clusters in G have, approximately, the same value; and D (dispersion) represents the 

approximate mean distance between the clusters in G. So we have at least eight extremal 

case associated with these four attributes. Figure 1 shows graphs with different cluster 

patterns, setting the parameters in the cluster conditions as infVc = 1 and infCc = 10. 

    
  (a) SC1 (S = small)   (b) SC2 (S = large)   (c) SC3 (N = 3)   (d) SC4 (N = 5) 

    
  (e) SC5 (H = hom.)  (f) SC6 (H = non-hom.)   (g) SC7 (D = disp.)  (h) SC8 (D = non-disp.) 

Fig. 2. Environments with different patterns 

The larger vertices in black color identify the vertices and edges that satisfy the three 

cluster’s conditions. Figure 2(a)-(b) illustrate different sizes for the clusters. Figure 

2(c)-(d) illustrates different number of clusters, three clusters in SC3 and five clusters 

in SC4. The graphs in Figure 2(e)-(f) have different homogeneity values, i.e., the verti-

ces in the clusters in SC5 have approximately the same value and the vertices in SC6 
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have not. Finally, different dispersion values are illustrated in Figure 2(g)-(h), i.e., 

where the six clusters in SC7 are more dispersed on the graph and the six clusters in 

SC8 are more close to each other. 

3.2 Teams’ Structural Organization 

A team is a human organizational pattern that can be characterized by a set of cooper-

ative agents which have agreed to work together attempting to maximize their utility 

[18]. The designer must solve two related problems to design an agent team: the design 

of individual cooperative heterogeneous agents and the design of a rational team organ-

ization for these agents. The design of each kind of agent requires the formalization of 

the function that maps each sequence of perceptions into an action, that is necessary to 

realize tasks like to find and to conquer the best clusters, to defend these clusters, to 

attack the agents in the adversary team and to help the agents in the same team. 

In relation to the agent organization, the designer must formally describe the team’s 

organizational specification OS. In this work, this notion is based on the Moise organi-

zational modeling language [19, 20]. It decomposes the organizational specification OS 
= <SS, FS, DS> in three dimensions. The Structural Specification (SS) defines the roles, 

relationships between roles, and the team's groups. The Functional Specification (FS) 

defines the global goals and how these are decomposed into subgoals and missions. The 

deontic specification (DS) relates these two dimensions, identifying subsets of missions 

and goals in FS that are permitted and/or required for each role in SS. 

The MOISE Structural Specification SS is built in three levels. Let Agents represents 

the set of N agents in the team, and Roles the set of M roles that can be played by any 

agent Ai ∈ Agents. Let AgRj = {Ai  |Ai ∈ Agents plays a role Rj ∈ Roles}. At the in-

dividual level, the SS defines the set of behaviours that an agent Ai ∈ AgRj is responsi-

ble for when he adopts the role Rj. At the social level, the SS defines three kinds of 

links between roles: authority, communication and acquaintance. An authority link 

link(Ai,  Ai′, aut) implies the existence of a communication link link(Ai, Ai′, com), 

the latter implies the existence of an acquaintance link link(Ai,  Ai′, acq). For example, 

in the case where the link type is acquaintance, an agent source Ai ∈ AgRj, playing a 

source role Rj, is allowed to have a representation of the agent destination  Ai′ ∈ AgRj′, 
playing a destination role Rj’. At the collective level, the SS defines the aggregations of 

roles in groups. 

A group is created from a group specification indicating the subset of roles that 

should be played in the group and their respectively min-max cardinality (how many 

agents can play those roles), its set of subgroups and their respectively min-max cardi-

nality and the sets of intra-group and inter-group links [20]. Figure 3(a) illustrates the 

MOISE structural specification of a team composed of groups of agents Gr 
(min = 1; max = 8) , that can play two roles C (min = 1; max = 8)   and S 

(min = 0; max = 7) , and one group of one agent that can play one role L 

(min = 1; max = 1). 
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(a) MOISE SS  (b)  SS graph representation 

Fig. 3. An agent team's organizational structure 

Hence, a MOISE structural specification SS can be viewed as a vertex-labeled graph 

G = (V, E), whose vertexes V are playing role agents and whose edges E represent 

authority, communication and acquaintance links. Figure 3(b) illustrates the previous 

SS graph representation. The graph in Figure 3(b) is one of the valid representations of 

the team organizational structures that can be generated from the MOISE SS in Figure 

3(a), where the structure of each sub-group Gr is represented by a tree, generated by the 

authority inter-group link between role L (agent in the black vertex) and role C (agents 

in the grey vertices), and the communication intra-group link between roles C and role 

S (agents in white vertices). 

3.3 The Team Composition Problem 

The team composition problem considers that the designer has worked previously on 

the team's organizational specification OS = <SS, FS, DS>, specifying which roles the 

agents can play in the groups and their links (SS), the team's current goals in its mis-

sions, the max-min number of agents that can commit with them (FS), and the agents 

that are allowed to or should commit to the goals and missions (DS). Given these pre-

vious information, the team composition task is to find a graph Go = (Vo, Eo) that rep-

resents a suitable organizational structure in an environment represented by the graph 

Ge = (Ve, Ee) with a known pattern EP(Ge) = <S, N, H, D>. More specifically, to find 

Go the designer must solve two related choice problems: (a) to choose the number of 

groups and (b) to choose the cardinality of each group, such as the team structural spec-

ification SS is not violated and aimed to maximize the team's performance evaluation 

measure in the environment Ge. 

We believe that the knowledge about the relation between the set of possible patterns 

for the environment and the set of possible organizational structures for a team can be 

learned by some agents in the organization in order to eventually revise the team for-

mation; this may be done when patterns are discovered in a partially observable and 

unknown environment, or when they change in a dynamic environment. We describe 

in the sequence how we experiment different structural specifications with distinct en-

vironmental patterns possibilities. 

4 Experimental Evaluation 

Our experimental approach consists of proposing different organizational specifica-

tions that are suitable for different environmental patterns (EPs), and can be adapted to 

generate knowledge about the agent teams’ performance. 
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4.1 Evaluation Scenario 

The application domain used in this work is the Agents on Mars scenario, developed in 

the Multi-Agent Programming Contest [6]. The task environment consists of a battle-

field in an unconventional war, in which artificial agents have special sensors and ac-

tuators to explore and to conquer rich areas in natural resources, which are located in 

unknown places. Although it seems a specific type of war application, where the ground 

squads realize campaigns for the installation of forces in the rich resource areas, the 

chosen specific scenario has the major components that occur in campaigns in a diver-

sity of application domains.  

The scenario environment is represented by a graph where the vertices denote water 

wells and possible locations for the agents, and the edges indicate the possibility of 

crossing from one vertex to another with an energy cost. A zone is a sub-graph covered 

by a team according to a coloring algorithm based on the notion of domain [6]. Agents 

from different teams can be located in a single vertex. The team with the highest number 

of agents dominates the vertex, which receives the dominant team color. An uncolored 

vertex inherits the color from its neighborhoods dominant team. If the graph contains a 

sub-graph with a colored border, all the nodes that are within this boundary receive the 

same color. 

At the beginning of the simulation, the map is unknown to the agents. Each team 

consists of 28 players that can be of five different types: explorers, sentinels, saboteurs, 

inspectors and repairers. These types define the characteristics of each agent such as 

life level, maximum energy, strength, and visibility. The roles also limit the possible 

actions that the agent can perform in the environment. For instance, explorers can dis-

cover water wells and help to explore the map, while sentinels have long-distance sen-

sors and thus can observe larger areas, saboteurs can attack and disable enemies, in-

spectors can spy opponents, and repairers can repair damaged agents. 

A team receives a cash reward whenever it reaches a major milestone. This reward 

can be used to empower the agents, increasing their maximum energy or strength. Dif-

ferent milestones can be reached during a competition, such as dominating areas with 

fixed values, having performed a successful number of attacks or well-succeeded de-

fenses. If not used, the reward is added to the team’s total score. The goal of each team 

is to maximize its score, defined as the sum of the values obtained by the occupied 

zones with the earned (and not yet spent) rewards in each step of the simulation. 

4.2 Agent Teams 

In our work, we decided to design BDI agents and to give emphasis on the functioning 

of the teams’ organizations in graphs with different EPs. Each agent is composed of 

plans, a belief base and its own world model, that consists of a graph. It captures every 

detail received from the environment, such as explored vertices and edges, opponents’ 

position, disabled teammates, etc. 

In addition to the agents’ types defined by the Scenario, we defined additional dif-

ferent roles in our system. Each of these roles has a mission associated with it, and can 

be played by one or more agents. The coordinator is a kind of agent internal to our 
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system, which does not communicate with the MAPC server. Whenever the world 

model is updated, he computes which are the best zones in the graph and send this 

information to the other agents. Although he determines the best areas of the map, each 

agent decides for himself which empty vertex he will occupy to form a zone or increase 

it. The coordinator is also responsible for creating the organizational specification, in 

the beginning of a competition, and for distributing the groups, roles and missions 

among the other agents. Table 1 describes the mission related to each role.  

Table 1. Types and missions of agents 

Type Mission 

Explorer Explores the whole graph by probing every vertex and surveying all edges on its path 

Soldier Tries to occupy one of the best zones indicated by the coordinator agent 

Guardian Defends the squad by attacking any opponent that is close to the team’s zone 

Medic Repairs the agents in the squad 

Soldier exp. Explores the team’s zone by probing the vertices whose values are unknown 

Saboteur Attacks any close opponent 

Sentinel Sabotages the opponent by moving inside its zone 

Repairer Repairs the saboteur and the sentinel 

Coordinator Builds its local view of the world through the percepts broadcasted by the other agents 

Figure 4 shows a diagram to illustrate the team’s SS. Our team was developed using 

a platform for MAS programming called JaCaMo [21], which supports all levels of 

abstractions – agent, environment, and organization – that are required for developing 

sophisticated MAS, by combining three separate technologies: Jason for programming 

autonomous agents [22], CArtAgO for programming environment artifacts [23, 24], 

and MOISE for programming multi-agent organizations [25]. 

 

 

 

 

 

Fig. 4. Team structural specification 

Jason is a Java-based interpreter for an extended version of the AgentSpeak pro-

gramming language, for programming BDI agents. CArtAgO is a framework for envi-

ronment programming based on the A&A meta-model [24]. In CArtAgO, the environ-

ment can be designed as a dynamic set of computational entities called artifacts, orga-

nized into workspaces, possibly distributed among various nodes of a network [21]. 
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Each artifact represents a resource or a tool that agents can instantiate, share, use, and 

perceive at runtime. We made use of the organizational artifacts provided in Moise. 

4.3 Description of the Experiments 

The goal of our experiments was to evaluate the impact of the environmental patterns 

over teams' performance, by modifying the environmental pattern EP(G) = <S, N, H, 
D> in the Agent on Mars map, and measuring the performance of two adversary teams 

composed by the same BDI agents, but with two different organizational specifications 

OS = (SS, FS, DS). For each team, the performance measure adds the values of its con-

quered clusters with the earned rewards, as the team reaches a major milestone. The 

experiments tried to perceive the impact of the EP over teams' performance. 

The experiments consisted of seven teams: TG1, TG2, TG3, TG4, TG6, TG8 and 

TG10. These seven teams competed in 14 environments with different EPs, including 

the eight scenarios illustrated in Figure 1. In relation to teams’ OS, we fixed the attribute 

values associated with the organizational dimensions FS and DS, and modified the 

number of squads and the cardinality of each squad in the structural dimension SS. Each 

team TGN is composed of one infantry group, two explorers and the other 23 agents 

divided into n squads. Each squad had nearly the same number of agents, and respected 

the number of agents of each type when assigning the roles. 

Each team played against each other three times, and the team that wins most 

matches wins the overall tournament. Each match had 750 steps and the map was ran-

domly generated. From one match to another we changed the number of vertices, edges 

and high-valued areas. For each environment, we performed 10 simulations for each of 

the possible matches. The data collected in all simulation was the winner and the final 

score of each team. These metrics were used to indicate the performance of each team. 

We used the Wilcoxon T test as a hypothesis test to define for each match if the 10 

simulations were sufficient or not to conclude that a team was better than other in a 

determined environment. The results of the Wilcoxon T test for the environment SC3 

(Figure 1) is shown in Table 2. 

Table 2. Results of the Wilcoxon T test for SC3 

 TG1 TG2 TG3 TG4 TG6 TG8 TG10 

TG1  0,0059 0,0195 0,0020 0,0039 0,0371 0,0137 

TG2 0,0059  0,6953 0,0488 0,0273 0,7695 0,6250 

TG3 0,0195 0,6953  0,1602 0,0371 0,3750 0,0371 

TG4 0,0020 0,0488 0,1602  0,1602 0,0840 0,0273 

TG6 0,0039 0,0273 0,0371 0,1602  0,1602 0,2324 

TG8 0,0371 0,7695 0,3750 0,0840 0,1602  0,6250 

TG10 0,0137 0,6250 0,0371 0,0273 0,2324 0,6250  

The Wilcoxon T test is a non-parametric test for dependent samples that can indicate 

with some stated confidence level if a particular population tends to have larger values 

than other. Based on the results of the Wilcoxon T test, it’s possible to represent the 

partial order of a certain number of teams given their performance in a specific envi-

ronment by a partial order graph. Figure 5 illustrates the partial order graph obtained 
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by drawing an edge from team A to team B whenever a significant difference (p – value 

< 0.05) exists between the performances of two teams. 

 

Fig. 5. Example of a partial order graph 

The direction of the edge will be from the team with better performance to the team 

with lower performance, and we omit the edges that can be extrapolated through a tran-

sitive closure, that is, those edges for which there is already a path connecting two 

teams. The dashed edges represent the matches for which the Wilcoxon T test came 

close to detect a significant difference between two teams (p – value < 0.15 and at least 

7 wins for one team). Finally, it’s possible that the same team appears twice or more 

times in graph as shown in Figure 5, in which TG3 appears twice. This is necessary so 

that we can represent that TG3 achieved a better performance than TG10, but the same 

was not observed for TG6 and TG10. This analysis was performed on all environments 

and the results obtained are presented in the following subsections. 

4.4 Obtained Results 

Here, a cluster is any subgraph of the maps formed by vertices with value greater than 

1 (infVc), in which the sum of all vertices is greater than 10 (infCc). In relation to clus-

ters’ size (S), in general, a team with a number of squads equal to the number of zones 

(a zone is a sub-graph covered by a team according to a coloring algorithm based on 

the notion of domain [6]) in the cluster does better. In the environment SC2 it’s possible 

to divide the cluster in 6 zones to be occupied by the squads and, as shown in Figure 

6(a), TG6 is better than almost all the other teams, because: (i) a smaller number of 

squads is not effective in securing and defending bigger clusters, and (ii) a larger num-

ber ends up by causing some squads to disperse out of the cluster, making it difficult to 

conquer it. 
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(a) SC2 (S = large cluster) 

  

(b) SC3 (N = 3)  (c) SC4 (N = 5) 

 

 

(d) SC5 (H = homogeneous)  (e) SC6 (H = non-homogenous) 

  

(f) SC7 (D = dispersed)  (g) SC8 (D = non-dispersed) 

Fig. 6. Partial order graphs for different environments 

Regarding the number of clusters (N), the team must have a number of squads equal 

or closer to the number of clusters on the map. If the number of squads is smaller than 

the number of clusters, the team will not cover all good areas, which can then be easily 

occupied by the opponent. If the number of squads is greater than the number of clus-

ters, some agents will be placed in areas of small values, weakening the squads’ attack 

and defense. For example, in Figure 6(b) it is possible to see that for the environment 

SC3 with 3 clusters, TG3 performs better than TG10, while TG10 outperforms TG3 for 

SC4, which has 5 clusters. 
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Regarding the homogeneity (H), the experiments showed that finding and occupying 

the clusters with the highest values is critical in non-homogeneous environments. In 

these cases, it is better to balance among the teams (Figure 6(c)) since the winner ends 

up being defined by the team that occupies the bigger clusters. This is good for teams 

with small number of squads, because there is a chance that they occupy the clusters 

with highest values, while the opponent with a larger number of squads ends up by 

spreading its agents in smaller and not valuable clusters. 

Regarding the clusters’ dispersion (D), the results showed that less dispersed clusters 

help teams with a larger number of squads to form larger areas than they could if the 

clusters (and the agents) were dispersed (Figure 6(d)). Moreover, with the proximity of 

the clusters, the squads tend to be closer of each other, making it easier to attack the 

opponent. For example, TG3 and TG4 can dominate large areas in SC7, which often 

comprise two neighbor clusters, while TG8 occupies smaller areas and does not attack 

efficiently the opponents. However, in SC8, with the proximity of the clusters, TG8’s 

squads tend to be closer, making it easier to attack the opponent, and thus helping TG8 

to occupy sometimes areas that cover more than one cluster at the same time. 

5 Conclusions and Further Work 

Our evaluation tried to assess the impact of environmental patterns in the performance 

of a team of agents, designed to confront an “equivalent” opponent team, aiming to 

conquer areas with scarce resources of high economic value, in unknown locations in 

the environment. In our work, these areas were denoted as clusters and were employed 

to generate the notion of environmental pattern, which was essential to operationalize 

the evaluation. 

We performed the evaluation considering the impact of the environmental patterns 

in a valued graph map over the performance of teams with the same functional and 

deontic specifications, but a with different structural specification, due the different 

numbers of squads and the cardinality of each squad in the team. Although our results 

are preliminary ones, we believe that they provide at least two contributions that can be 

exploited in the design of agents’ teams when the task environment is hard, but that can 

be described in terms of environmental patterns. 

The first contribution is related to the knowledge the designer can learn about these 

task environments, in order to assess whether a team will be able to selectively search 

for solutions in the map. The results of our evaluation provided some knowledge about 

the different organizational specifications that are suitable to different environmental 

patterns in the maps. In this sense, we hope to intensify this initial evaluation in two 

directions: (1) from the environment’ side, to evolve scenarios that aggregate diversi-

fied environmental patterns, obtained from the combination of the different attribute 

values employed to represent patterns; and (2) from the team’s side to extend the ap-

proach to other attribute values associated with the three dimensions employed to de-

fine organizational specifications. 

The second contribution is related to the proper concretization of the notion of envi-

ronmental pattern realized in the work. Considering this notion as a complementary 
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representation of the state of the environment, and the consistent knowledge that can 

be provided by a more intensive evaluation of the impact of environmental patterns 

over the performance of teams, we believe that two possibilities are generated for the 

designer (or any artificial agent properly designed): (1) to predict the behavior of a team 

if he knows its goals, its organizational specification, and the current environmental 

patterns; (2) to define a suitable organizational specification for a team and the proper-

ties of its behavior if the agent knows the current environment pattern and team’s goal. 

These are hypotheses that we hope to prove in the near future. 
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Abstract. In one aspect of her study of collective action, Ostrom pro-
posed eight design principles for the supply of institutions for sustainable
common-pool resource management. Computational logic has been used
to formalise an executable specification of six of these principles for re-
source allocation in open multi-agent systems and networks. However,
the eighth principle, nested enterprises, is structural rather than proce-
dural, and the seventh principle, minimal recognition of rights, concerns a
critical relationship between the components of that structure – not just
the right to self-organise, but essentially enough (i.e. minimal) rights to
self-organise. The idea of holonic institutions has been proposed to sat-
isfy the requirement of polycentric self-governance in complex systems of
nested enterprises. This paper investigates the axiomatic specification of
Ostrom’s seventh principle as a constraint on the holonic structure, as a
prelude to a more systematic investigation into values, conflict resolution
and the trade-off between rights and powers in holonic institutions.

Keywords: Electronic Institutions, Holonic Architectures, Self-Organisation,
Rights, Powers, Conflict Resolution.

1 Introduction

Based on extensive fieldwork, Ostrom showed [12] that it is possible for a commu-
nity (of appropriators) to develop its own solution to a “tragedy of the commons”
situation, i.e. a collective action situation featuring open access to a communal
resource, in which appropriators are incentivised to act (rationally) to maximise
their short-term utility, even if that results in (irrationally) the depletion of the
resource in the long term. These solutions, which successfully sustained the re-
source over extended periods of time, were based on sets on conventional rules,
with which the appropriators voluntarily agreed to comply and so constrain their
own otherwise unrestricted actions. There was also a mutual agreement not to
repudiate these rules: as conventional rather than physical rules they could be
broken. Therefore the appropriators could not refuse to accept that the rules
should be monitored for compliance, that they should be enforced, or that pro-
portional graduated sanctions should be imposed for transgression.

Ostrom called these sets of rules self-governing institutions, based on the
idea that those affected by the rules should participate in their formation, selec-
tion and modification, hence self-governance. However, just positing an arbitrary
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set of rules was not in itself enough: sometimes there were such rules and the
common-pool resource was not sustained. She observed that the self-governing
institutions that successfully sustained the resource had eight features in com-
mon, otherwise one or more of the features were weak or missing altogether.

She then went one step further, which was to turn to the issue of supply. She
argued that, faced with a collective action situation, it was not necessary to trust
in ‘evolution’ (in the sense that the appropriators would form, select and modify
an institution which exhibited the necessary characteristics). Instead, since it
is now known what the necessary characteristics are, it should be possible to
design institutions with those characteristics from the beginning. To address
this issue, Ostrom proposed eight institutional design principles for the supply
of institutions for sustainable common-pool resource management.

Computational logic, specifically the Event Calculus [8], has been used to
formalise an executable specification of the first six of these principles, related to
boundary conditions, congruence, self-determination, monitoring, sanctions and
conflict resolution (see Section 2.1). Simulations of resource allocation in open
multi-agent systems showed that as more of these principles were axiomatised,
the more likely it was that the agents could self-organise an ‘institution’ that
maintained participation and sustained the system [19]. Additionally, it was
shown that by axiomatising a theory of distributive justice [20] in the context
of an economy of scarcity, over time a fair allocation (as measured by the Gini
index) could be achieved, despite the allocation at any one timepoint being unfair
(given that at each timepoint, since some agents received zero allocation, there
was no metric that would return a indicator that the allocation was fair) [13].

The six principles used in these experiments could all be given a procedural
interpretation and hence an executable (declarative) specification. Furthermore,
all of these simulations used either a single institution, or when there were mul-
tiple institutions, they were all independent and their internal operations did
not interfere with each other. However, the eighth principle, nested enterprises,
is structural rather than procedural, and is specifically concerned with the inter-
action and inter-dependence between multiple institutions and their relational
arrangements. The seventh principle, minimal recognition of rights, concerns a
critical relationship between the components of that structure – not just the right
to self-organise, but essentially enough (i.e. minimal) rights to self-organise.

These last two principles are critical for issues of scale. This was a particular
concern for Ostrom in her later work: e.g. whether or not global scale collective
action problems (like climate change) demanded top-down solutions [11]. For
Ostrom, the answer was at best ambiguous, but one factor was clear: that as
systems scaled up and became more complicated, it was the weakness of the
seventh principle and the lack of polycentric self-governance (multiple centres
of decision-making) that was the root cause of systemic failure. By contrast,
polycentric self-governance enabled meaningful and sustainable behaviours were
observed to emerge from a seemingly chaotic complex system [10].

The idea of holonic institutions [3, 18] has been proposed to satisfy the re-
quirement of polycentric self-governance in complex systems of nested enter-
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prises. This enables an investigation of the axiomatic specification of Ostrom’s
seventh principle, as a constraint on the holonic structure, pursued in this paper.

Accordingly, the paper is structured as follows. Section 2 reviews the back-
ground to this work, covering Ostrom’s institutional design principles, their ax-
iomatic specification in a dialect of the Event Calculus, and the relation to
dynamic norm-governed multi-agent systems [1]. Section 3 reviews the idea of
holonic institutions, which converges the benefits of institutions and conven-
tional rules for regulating behaviour with the management of complexity, scale,
diversity, stability and robustness afforded by holonics. Section 4 contains the
critical contribution of the paper, with an attempt to characterise the “minimal
recognition of rights” (to self-organise) in terms of an ‘empowerment’ compo-
nent and an ‘entitlement’ component (cf. voting in [14]), and axiomatise these
two components in terms of the Event Calculus. The outcome is that while the
eighth principle is structural, its characterisation in terms of holonic institutions
does enable an analysis and formalisation of the seventh principle within the
same framework. Further and related work is considered in Section 5, and some
concluding remarks are made in Section 6, specifically as the trade-off between
rights and powers impacts the values manifested in, or by, holonic institutions.

2 Background

This section reviews some of the background to this work. We begin with a
summary of Ostrom’s institutional design principles in Section 2.1, continue
with the axiomatisation of the principles in the Event Calculus in self-organisng
electronic institutions in Section 2.2, and consider these as a special sub-class
of dynamic norm-governed multi-agent systems in Section 2.3. This lays the
foundations for the formal analysis of the “nested enterprise” and “minimal
recognition of rights” design principles in respectively Section 3 and Section 4.

2.1 Ostrom’s Institutional Design Principles

Ostrom’s institutional design principles are, of course fully specified in [12] and
have been well-documented in previous works (e.g. [19]). They are reproduced
here for completeness (to make this paper self-contained) and for a point of clar-
ification (see below). Therefore the design principles for a self-governing insti-
tution to sustain a common-pool resource, as originally specified in [12, p. 90],
are listed in Table 1. Subsequent extensive fieldwork has corroborated these
principles with only minor modifications [2], and that institutions for sustain-
able common-pool resource management do exhibit these eight features. Corre-
spondingly, research has also revealed numerous examples where absence of one
or more of the principles led to depletion of the resource.

Design principle P1 is concerned with ensuring clear distinctions between
who is and is not a member of the institution, and which common-pool resources
are, or are not, managed by the institution. The second principle P2 is about
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Table 1: Ostrom’s institutional design principles

P1 Clearly defined boundaries P2 Congruence between rules and
local conditions

P3 Collective-choice arrangements P4 Monitoring
P5 Graduated sanctions P6 Conflict-resolution mechanisms
P7 Minimal recognition of rights to

organise
P8 Nested enterprises

ensuring that appropriation rules are congruent with local environmental condi-
tions (e.g. ration in times of shortage and free-hand in times of excess, and not
the other way round) and to provision rules which themselves may incur costs
(time, labour, money, etc.). The third principle P3 concerns self-determination,
and ensuring that “most” appropriators who are affected by the rules participate
in the decision-making processes controlling the selection and modification of the
rules. Principle P4 requires that monitors, who audit appropriator behaviour, are
themselves appropriators or are appointed by and accountable to them. Princi-
ple P5 states that non-compliant appropriators should be sanctioned according
to a principle of proportionality (although see [17]), and Principle P6 specifies
that conflict resolution mechanisms should be “rapid” and “low-cost”.

As indicated above, Principle P8 is concerned with structure, specifically that
all the activities covered by the first six principles, i.e. provision, appropriation,
self-determination, monitoring, enforcement, conflict resolution and governance,
are organised in multiple layers of nested enterprises. Principle P7 concerns a
particular constraint on the relationships between layers.

Particularly interesting successes and failures in complex systems, where the
eighth principle is required, have often been highlighted by the corresponding
presence or absence of principle P7. One notable success story is the rice plan-
tations in Bali, where crop planting is a careful trade-off between water scarcity
and pest dispersion dynamics, and was carefully managed by a process of prayer
and signalling which connected base-level farmers to entire regions through the
a meso-level of water temples [9]. A notable failure documented by Ostrom [12,
p. 175-177] is the example of fisheries in Canada, where a federal insistence of
a “one size fits all” policy over-rode local arrangements that could take specific
contextual, seasonal, historical and other environmental factors into account.
This led to collapse of the local fishing stocks and industries.

In general, we are concerned with axiomatisation of all the principles for
self-organising multi-agent systems, although it is the formalisation of Principle
P7, in the context of a representation of structure in Principle P8 in terms of
holonic institutions (see Section 3), that is the primary subject of investigation.
For this, though, we first outline our overall approach to the axiomatisation.

2.2 Axiomatisation of the Principles

To address the problem of resource allocation in open multi-agent systems, where
there is no centralised controller, institutional design principles P1-P6 were for-
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Table 2: Main Predicates of the Event Calculus (EC).

Predicate Meaning

Act happensAt T Action Act occurs at time T

initially F =V The value of fluent F is V at time 0

F =V holdsAt T The value of fluent F is V at time T

Act initiates F =V at T The occurrence of action Act at time T
initiates a period of time for which
the value of fluent F is V

Act terminates F =V at T The occurrence of action Act at time T
terminates a period of time for which
the value of fluent F is V

mally specified in computational logic, specifically using a dialect of the Event
Calculus (EC) [8], which could then be operationalised as a logic program. As
such, the logic program constitutes both a specification and executable code for
algorithmic self-governance [19].

The EC is a logic formalism for representing and reasoning about actions or
events and their effects. The EC is based on a many-sorted first-order predicate
calculus. For the dialect used here (referred to as “the” Event Calculus), the
underlying model of time is linear, so we use non-negative integer time-points
(although this is not an EC restriction). We do not assume that time is discrete
(the numbers need not correspond to a uniform duration) but we do impose a
relative/partial ordering for events: for non-negative integers, < is sufficient.

An action description in EC includes axioms that define: the action occur-
rences, with the use of happensAt predicates; the effects of actions, with the
use of initiates and terminates predicates; and the values of the fluents, with
the use of initially and holdsAt predicates. Table 2 summarises the main EC
predicates. Variables, that start with an upper-case letter, are assumed to be
universally quantified unless otherwise indicated. Predicates, function symbols
and constants start with a lower-case letter.

Where F is a fluent, which is a property that is allowed to have different
values at different points in time, the term F =V denotes that fluent F has
value V . Boolean fluents are a special case in which the possible values are true
and false. Informally, F =V holds at a particular time-point if F =V has been
initiated by an action at some earlier time-point, and not terminated by another
action in the meantime. In our case, we are particularly interested in those fluents
which specify the (institutionalised) powers (pow), permissions (per) and obli-
gations (obl) of an agent, i.e. we want to know when pow(Agent ,Action) = true,
per(Agent ,Action) = true, and obl(Agent ,Action) = true.

Events initiate and terminate a period of time during which a fluent holds a
value continuously. Events occur at specific times (when they happen). A set of
events, each with a given time, is called a narrative.
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The utility of the Event Calculus comes from being able to reason with narra-
tives. Therefore the final part of an EC specification is the domain-independent
‘engine’ which computes what fluents hold, i.e. have the value true in the case
of boolean fluents, or what value a fluent takes, for each multi-valued fluent.
This can be used to compute a ‘state’ of the specification in terms of the fluents
representing institutional facts. This state changes over time as events happen,
and includes the roles, powers, permissions and obligations of agents, and the
values assigned to each of the fluents (in particular, which method is used for
access control, which method is used for winner determination, and so on).

For example, considering design principle P1, suppose an agent G is assigned
to the role of gatekeeper, and so is empowered to admit an agent A as a member
to the institution I, by an assign action, depending on the access control method.

assign(G,A,member , I) initiates role of (A,member , I) = true at T ←
pow(G, assign(G,A,member , I)) = true holdsAt T

pow(G, assign(G,A,member , I)) = true holdsAt T ←
applied(A, I) = true holdsAt T ∧
acMethod(I) = attribute holdsAt T ∧
role of (G, gatekeeper , I) = true holds T ∧
role conditions(member , A, I) = true holdsAt T

pow(G, assign(G,A,member , I)) = true holdsAt T ←
applied(A, I) = true holdsAt T ∧
acMethod(I) = discretionary holdsAt T ∧
role of (G, gatekeeper , I) = true holdsAt T

If the agent A has applied to join the institution (i.e. the gatekeeper can-
not arbitrarily assign membership) and acMethod is attribute, then the agent G
occupying the role of gatekeeper is empowered to assign the role member pro-
vided the applicant satisfies certain (external) role conditions. The conditions
could include, for example, not exceeding a fixed number of non-compliant ac-
tions, a duration since the last non-compliant action, and so on. Similarly, if the
acMethod is discretionary, then the gatekeeper is empowered to assign the role
without conditions, according to its (internal) decision-making, which could yet
make reference to external conditions.

Given a sequence of events, i.e. a narrative, it is then possible to animate
(query) the specification to determine what powers, permissions and obligation
hold at the start of the narrative, at the end, and at each time point in-between.

2.3 Dynamic Norm-Governed Multi-Agent Systems

In our experience with formalising the principles, the first six are, or can be
given, an operational, functional or procedural reading which is amenable to
declarative specification in this form. However the eighth principle is structural
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and the seventh principle is concerned with specific relationships between layers
in that structure.

For principle P7, the sub-text states that “the rights of appropriators to de-
vise their own institutions are not challenged by external governmental author-
ities” [12, p. 90]. In some earlier works, which were dealing with only a single
institution, the significance of this principle was underestimated (and when para-
phrased in terms of autonomy, “whatever rules the members agree to govern their
affairs, no external authority can overrule them”, even somewhat inaccurately).
The key issue is that the right to self-organisation should not be challenged by
external authorities, but specific outcomes of the self-organisation can be.

For example, suppose an ‘inner’ institution specified its system of graduated
sanctions as “First offence: fine e5. Second offence: fine e10. Third offence:
execution”. An external authority, as the name implies, one with power over
the inner institution, could well challenge and deny this on the grounds that
executing people is not something considered acceptable; in fact, it is illegal and
subject to sanction. The external authority should not be able to challenge or
deny the right of the inner institution to self-organise its system of graduated
sanctions, although it can deny specific configurations. This is the nuance that
we need to capture in the formalisation of the seventh principle, for which the
framework of dynamic norm-governed (multi-agent) systems [1] is required.

This framework allows agents to modify the rules or protocols of a norm-
governed system at runtime. The framework defines three components: a speci-
fication of a norm-governed system, a protocol stack for defining how to change
the specification, and a topological space for expressing the ‘distance’ between
one specification instance and another.

Firstly, the norm-governed specification expresses five aspects of social con-
straint: the physical capabilities; the institutionalised powers; the permissions,
prohibitions and obligations of the agents; the sanctions and enforcement poli-
cies that deal with the performance of prohibited actions and non-compliance
with obligations; and the designated roles of empowered agents.

Secondly, the protocol stack is used by the agents to modify the rules or
protocols of a norm-governed system at runtime. This stack defines a set of object
level protocols, and assumes that during the execution of an object protocol
the participants could start a meta-protocol to (try to) modify the object-level
protocol. The meta-protocol could initiate a meta-meta protocol to modify the
meta-protocol, and so on. Finally ‘transition’ protocols define the conditions in
which an agent may initiate a meta-protocol, who occupies which role in the
meta-protocol, and what elements (the degrees of freedom: DoF) of an object
protocol can be modified as a result of the meta-protocol execution. Given a set
of DoF, by assigning a value to each DoF, we get a specification instance.

Thirdly, a set of rules R implicitly defines a specification space L, where each
instance of the specification space is characterised by a different assignment of
values to each parameter in each rule. The size of this space is given by

| L | = (V1,1 × V1,2 × . . .× V1,P1
)× (V2,1 × V2,2 × . . .× V2,P2

)× . . .×
(VR,1 × VR,2 × . . .× VR,PR

)
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where Vi,j is the number of values that the jth parameter of rule i can take, Pi

is the number of parameters of rule i, and R is the number of rules in the set.
This is the basis for defining a specification space as a 2-tuple, where one

component is the set of all possible specification instances and the other compo-
nent is a function d which defines a ‘distance’ between any pair of elements in
the set. It then possible to define rules which prohibit certain instances, or which
limit the ‘distance’ that movement between specification instances is ‘allowed’,
as illustrated in Figure 1.

 

DoF2

DoF1

Fig. 1: An illustrative specification space with two DoF

In this figure, there are two DoF. Unfilled circles represent ‘allowable’ spec-
ification instances, and filled circles are prohibited instances. The circle with
the bold perimeter in the middle of the shaded area is the current specification
instance, the rule specifying the ‘distance’ that can be moved when changing
instances limits the changes to the four instances included within the gray area.
(Note that this distance is also a DoF, and therefore also changeable.)

3 Holonic Institutions

3.1 Holonic Systems

A holonic system (or holarchy) is composed of interrelated subsystems, each of
which are in turn composed of sub-subsystems and so on, recursively, until reach-
ing a lowest level of ‘elementary’ subsystems. As emphasised by Koestler [7], each
such intermediary sub-system must play a dual role and be both an autonomous
whole controlling its parts; and a dependent part of a supra-system. This helps
construct large systems with macro-goals from intermediary components able to
achieve partial goals.

3.2 Holonic Institutions

Figure 2-a depicts a generic conceptual model (abstract architecture) of holonic
institutions to help address the questions above. In short, each holonic institu-
tion features two complimentary regulatory components implementing their dual
roles, for ‘inward’ and ‘outward’ regulation. Inward regulation includes the in-
ternal rules, governance and adaptation functions for achieving a goal. Outward

42



regulation merges, via conflict resolution and negotiation, the institution’s own
common goal with the (supra-)institutions’ common goals. This results in the
compromise goal that the institution agrees to pursue. Each holonic institution is
encapsulated within a membrane providing membership-control functions. At a
high level of abstraction, this approach addresess the issue of the composition of
institutions (Figure 2-b). Institution adaptation relies on feedback from members
and from the institution’s evaluation of its goal achievement; it is propagated
progressively from lower to upper holonic levels. Furthermore, this component-
oriented design helps formalise, understand and analyse composite institutions,
providing a key basis for addressing the challenge of institutional complexity.

A somewhat superficial use of holonic systems would be just to capture the
hierarchical decomposition implicit in the simple expression of Ostrom’s eighth
principle as nested enterprises, concerning just the provision and appropriation
systems. However, Ostrom’s nested enterprises considers all forms of provision,
appropriation, monitoring, enforcement, conflict resolution and other governance
activities as different enterprises operating in multiple layers. Therefore, invok-
ing the full ‘power’ of holonic systems offers the possibility of considering the
distinct enterprises as social (i.e. interacting) constructs in their own right, even
if it is atomic level actors who are performing these actions, “as if” the enterprise
did it for itself (cf. the notion of “counts as” in the Jones and Sergot account of
institutionalised power [6]). This also enables the characterisation of the holon’s
dual role, both inward (‘selfish’, or dealing with an ‘inner realm’), and outward
(‘transcendental’, or dealing with an ‘outer realm’), and lines of demarcation be-
tween the two, for example in terms of boundaries, jurisdictions and sovereignty
(i.e. the authority to self-govern).

Therefore the characterisation of Ostrom’s principle P8 in terms of holonic
institutions is concerned with much more than hierarchical decomposition. It
is more significantly concerned with capturing the requirements of polycen-
tric governance [3, 18] and the management of multi-scale, multi-criteria (sub-
)optimization. Not that “sub” is used here in the sense that there will be conflict-
ing goals, not all of which can be satisfied, and the checks, balances, compromises
and effective conflict resolution mechanisms that enable meaningful and sustain-
able behaviours to emerge from complex systems need to be carefully considered.
Principle P7 is a crucial element of this.

The above considerations provide a generic architectural overview on the
manner in which holonic institutions can be constructed and maintained to
address the aforementioned questions and achieve the advantages enabled by
holonic principles. However, it also provides a handle on how to formalise the
minimal recognition of rights, by characterising the requirements of the rulesets
of the ‘inner’ and ‘outer’ (supra) institutions in Figure 2-b.

4 The Minimal Right to Self-Organise

In this section, we try to be precise about what the “minimal recognition of
rights” entails for the structural relationship between an institutional holon and
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Fig. 2: a) institution holon with dual role: inward/selfish & out-
ward/transcendental; b) supra-institution with several institutions / members

its supra-institutional holon(s); and similarly with its sub-institutional holons.
We start by giving a characterisation of the right (to self-organise), before con-
sidering how this could be recognised as conditions on the rulesets of the inner
and outer holonic institutions. Finally, we give some thought to the issue of
‘minimality’.

4.1 Right = Empowerment + Entitlement

In previous work on voting [14], the notion of enfranchisement (the right to
vote) was characterised by two components, an empowerment component and
an entitlement component. The empowerment component required having the
institutionalised power to establish conventional facts (i.e. a vote for or against),
that no one could object to ‘appropriate’ exercise of the power, and that removing
the power would result in sanction. The entitlement aspect required unhindered
access to the voting ‘machinery’, an obligation that the vote would be counted
correctly, and an obligation for the result to be declared correctly.

Analogously, the right to self-organise – or the recognition by the supra-level
institution of the right of any of its sub-institutions to self-organise – can be
characterised by an empowerment component and an entitlement component.
For the empowerment component we have that:

– an institution should be empowered (have the power) to self-organise, i.e. its
own institutionalised power should give control over, and responsibility for,
representation, participation, and rule-selection etc. to its member entities;

– there should be no entity in the supra-level institution that is empowered to
object to ‘appropriate’ exercise of these institutionalised powers; and

– inappropriate exercise of such a power in the supra-level institution should
be subject to sanction.

For the entitlement component we have that:
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– the sub-institution should be represented in the deliberative assemblies of
the supra-level institution;

– the supra-level institution should provide an appeals procedure for conflicts
that cannot be resolved by the dispute resolution processes specified by the
sub-institution; and

– the sub-institution should be entitled to access and operate the ‘machinery’
of self-organisation.

We next develop a logical axiomatisation of each aspect of the two components.

4.2 The Empowerment Component

For an institutional holon to be empowered to self-organise, it simply requires
operational-, collective- and constitutional-choice rules that implement the first
six of Ostrom’s principles. That is, there should be some protocol and associ-
ated institutionalised power(s) that determine: boundaries over representation
and participation; selection and modification of collective choice arrangements;
appointment and performance of monitors and monitoring; and the system of
sanctions and appeals. These are, of course, precisely the rules specified in [19].

Preventing objection to ‘appropriate’ exercise of these powers requires the
following. First, we define a specification space L as described in Section 2.3.
Then, let R be a set of rules. For each rule R ∈ R identify the set of changeable
components, or degrees of freedom (DoF), and for each DoF, identify the set of
values it can take. (For example, for the collective choice rule deciding which
operational choice rule to decide a resource allocation, the DoF is the resource
allocation method; and its values are ration, queue, priority, etc.) Then the
specification space L is every permutation of values that can be assigned to each
DoF in each rule, and a specification instance is one such assignment of values.

Given a set of entities (holons) H, the state of an institution at time (It ∈ H)
is defined by:

It = 〈M, L, ε〉t
where:

– M is the set of member holons, such that M⊆ H
– L is a specification instance of L
– ε is the local environment consisting of brute facts and institutional facts.

However, some of the instances might be prohibited by the supra-institution
I ′ ∈ H. Therefore, to represent the fact that no supra-institution can object to
an ‘appropriate’ exercise of the power to self-organise, in the rules of I ′ something
of the following form is required:

pow(H, object(H,L, I, I ′)) = true holdsAt T ←
role(H, I ′) = monitor holdsAt T ∧
specification instance(I) = L holdsAt T ∧
prohibited(L) = true holdsAt T
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object(H,L, I, I ′)) initiates objected(L, I) = true at T ←
pow(H, object(H,L, I, I ′)) = true holdsAt T

This axiom states that an holon H in supra-institution I ′ has the power to object
to a specification instance used by component institution I only if it occupies
the necessary role in I ′ (monitor , say), and the specification instance L selected
by I is not prohibited in I ′. This means that the right of I to self-organise
into whatever specification instance it chooses is not challenged by any external
authority, like I ′, although specific applications of that right can be challenged.

Finally, let us suppose, firstly, that we take the approach of Robert’s Rules of
Order to self-organisation, i.e. that anything is allowed unless someone objects;
and secondly, that there is a holon in I ′ that, by occupying the role of franchiser
is empowered to veto specification instances selected by I. However, while this
holon may be empowered to veto specification instances, it may not be permitted
to exercise that power, unless a holon that is empowered to object (by the above
axiom) has done so. Using the veto without permission initiates a sanction.

pow(H, veto(H,L, I, I ′)) = true holdsAt T ←
role(H, I ′) = franchiser holdsAt T ∧

per(H, veto(H,L, I, I ′)) = true holdsAt T ←
role(H, I ′) = franchiser holdsAt T ∧
objected(L, I) = true holdsAt T ∧

veto(H,L, I, I ′) initiates sanction(H, I ′) = 404 at T ←
role(H, I ′) = franchiser holdsAt T ∧
per(H, veto(H,L, I, I ′)) = false holdsAt T

Note here that ‘404’ is an ‘error code’ used in I ′ to denote particular misuses
of institutionalised power, in this case vetoing a specification instance without
permission. The consequence of this sanction may be a penalty: for example, it
may be fined, removed from the role of franchiser , or both.

4.3 The Entitlement Component

It may be supposed from the previous section that the empowerment component
is a constraint on an institution’s freedom to manoeuvre, because some arrange-
ments of the rules (i.e. certain specification instances) are prohibited, and can
be vetoed. In return for this loss, the right confers some entitlements, which are
satisfied by certain obligations in the supra-level institution.

The first of these is that there is an entitlement to representation and par-
ticipation in the deliberative assemblies of I ′. This can be formalised using the
same form of constitutional choice rules in I ′ that were present in I, based on
axiomatising Ostrom’s principles P1–P6. The extent to which this entitlement
is satisfied can be evaluated using a framework for procedural justice [16].

Similarly, a process should be defined in I ′ which deals with the resolution
of conflicts in I which cannot be handled by I itself (for example, the Court
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of Arbitration for Sport resolves legal disputes which the governing authorities
of the sports themselves cannot resolve themselves, or considers appeals against
the decisions of this authorities). Complex dispute resolution procedures can be
defined in the Event Calculus [15].

Finally, the entitlement to access the ‘machinery’ of self-organisation is an
abstract concept that we will not develop further here. Suffice to say it (probably)
involves a number of basic ‘freedoms’, such as the freedom of assembly and
freedom of speech; and material rather than illusional choice (as discussed above,
and also avoiding any inevitability about self-organisation).

4.4 Minimal Recognition

Finally, we consider the implications of the minimal recognition of the right to
self-organise. However, several case studies where the principle is not met have
been studied in some detail [12, ch. 5], and although ‘minimal’ could be taken
to imply such kind of quantifiable threshhold or an identifiable set of baseline
conditions, it is difficult to identify a precise specification.

Therefore, if we were to try to define this for ourselves, one way might be to
use the specification space and the distance function defined between ‘allowable’
specification instances. This suggests three possible minimality conditions.

Firstly, we could compute the outer institution tolerance as the ratio of al-
lowable specification instances to the total number of specification instances.
A higher number indicates that the outer institution is more tolerant of inner
institution self-organisation than a lower number.

A second metric could be the inner institution total freedom to manoeuvre,
as measured by the total distance that the specification instances are allowed to
change. If there were n specification instances l1, . . . , ln, this is computed by:

Σn
i=1Σ

n
j=1d(li, lj)

Thirdly, a metric could be defined accruing to the average number of spec-
ification instances that can be accessed from any one specification instance.
Suppose that τ is the upper limit on the distance that can be moved. Then the
number of specification instances that can be reached from any given specifica-
tion instance li is:

card({lj |d(li, lj) < τ})

If we computed the average number of specification instances that could be
reached from an arbitrary specification instance, then this would be an indicator
of the extent of self-organisation available from any instance.

However, with all of these metrics, what constitutes a minimal tolerance
is not clear, and would most likely be application specific. Even then, while a
quantitative evaluation might be indicative, it seems that minimal is most likely
to be a relative, qualitative, assessment. We return to this issue in Section 6.
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5 Further and Related Work

5.1 Further Work

One direction of further research is, of course, to complete the formal specifi-
cation in the Event Calculus, define some metrics for minimal recognition, and
then build a simulation environment comparable to those used in previous exper-
iments [19, 13]. The experimental hypothesis is that those systems with layered
institutions would sustain themselves (and their resources) for longer if the rule-
sets of inner and outer institutions contain provisions of the kind specified here.

A second direction of work is, in the context, to deepen the analysis of the
sources of, the resolution of, conflicts between inner and outer institutions and
between two or more inner institutions. A preliminary investigation of this issue
can be found in [5], but it seems that there is a need to distinguish different
types of conflict (within a holon, between peer holons, and between inner/outer
holons) as different conflict resolution mechanisms may well be required.

However, while this research would confirm the principle as a necessary condi-
tion of sustainable common-pool resource management, it would be a somewhat
blunt instrument. What would be really interesting to know is where the balance
is in the trade-off between the rights of the inner institution to self-organise
on the one hand, and the power of the outer institution to constrain that self-
organisation. This is an investigation that is also being actively pursued, as we
believe this will shed some light on this concept of minimal recognition, which
remains far from clear at the moment. Note that this will probably also be an
adaptive, context-sensitive balance.

5.2 Related Work

The formal characterisation of rights has, of course, been the subject of study
in legal, social and organisational theory, ethics and moral philosophy for some
considerable time. However, we are not aware of any similar attempt to charac-
terise the right to self-organise in computational logic, nor to situate it in the
context of structured interacting entities like holonic institutions.

There are though related studies that can be of significant relevance. For
example, one such is the concept of duty. Right and duty have been characterised
as ‘correlatives’ [21], in the sense that when one agent has a right against another,
then that other owes a duty to the first. An enrichment of the analysis of “right =
empowerment + entitlement” could entail an associated duty component which
could become useful in characterising the minimality conditions.

6 Summary and Conclusions

There is an ongoing research programme into the formalisation of Ostrom’s in-
stitutional design principles in computational logic, and specifically the Event
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Calculus. The aim of this research is to design self-organising electronic institu-
tions to address the problem of sustainable resource allocation in open multi-
agent systems. This has a potentially wide range of applications, for example in
ad hoc, vehicular and sensor networks; in cloud and grid computing; in virtual
organisations; and in infrastructure management using socio-technical systems.

This paper has particularly focused on the formalisation of the seventh prin-
ciple, the minimal recognition of rights. Although this is clearly still work in
progress, the primary contributions of this paper are:

– to characterise the right to self-organise in terms of empowerment and en-
titlement components, and to begin a formal specification in terms of the
Event Calculus;

– to identify the recognition of that right (to self-organise) as conditions on
the rulesets of ‘inner’ and ‘outer’ holonic institutions; and

– to consider the minimal recognition of that right, as conditions or metrics
defined on a specification space.

However, perhaps the concept of “minimality” presents the greatest chal-
lenge, as it may be resistant to mere quantification with respect to the specifica-
tion space. Our intuition though, is that the minimality is actually a function of
qualitative values held by the members themselves: that it is not the total num-
ber of available specification instances, or the freedom to manoeuvre as specified
by the total movable distance; or indeed any other objective metric. Instead, it
is the value that the members themselves put on having certain specification in-
stances available to them, and the freedom to self-organise between these specific
instances, that is the critical element of minimality. But this is, of course, rather
harder to identify, let alone measure; although this a promising line of inquiry
is offered by the study of interactional justice, whereby subjective individual
opinions of fairness (or value) are aggregated into objective collective opinions.

Furthermore, it may not even be certain specification instances that are di-
rectly of value, but that these are the specification instances that indirectly cre-
ate other social, moral or fungible values, with which the institution’s members,
either individually or collectively, are really concerned. In such circumstances,
the link between the value and the minimal set of specification instances that
support that value may not even be recognised by the agents themselves. This
may have severe implications in trying to build socio-technical systems for self-
organising digital communities, say, and indicates that aspects of value-sensitive
design [4] and other initiatives that emphasise values derived from a study of so-
cial practices are critical in the future development of open multi-agent systems.
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Abstract.  
Despite sustained research effort in security, current security practice 

conveys a decidedly ad hoc flavor—find a bug; patch it; find the next 
bug; and so on. This methodology is sometimes termed “engineering”, 
using the term in the narrow sense of developing solutions to specific 
problems. The past few years have seen a growing push to develop a 
Science of Security (SoS), viewed as a systematic body of knowledge 
with strong theoretical and empirical underpinnings that inform the 
engineering of secure information systems. 

I introduce SoS, briefly describing its key elements. I then motivate 
some of the foundational challenges of SoS from the standpoint of 
systems of autonomous participants, such as cross-organizational 
service systems. I describe how security is an element of the 
governance of such systems. I introduce an approach for governance 
based on a new formulation of norms and accountability, showing how 
it addresses the challenges of security pertaining to secure collaboration 
and would facilitate the development of flexible and secure cross-
organizational service engagements. 

I present our recent approaches for software engineering for 
sociotechnical systems that support the above considerations and 
demonstrate them via examples from the healthcare domain. 
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Implementing Norms
Why is it so difficult?
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Abstract. Many people have made implementations of norms or norma-
tive systems over the years. However, the implementations differ widely
and no uniform methodology to implement normative systems seemed to
have been developed. Why is it so difficult to implement norms? Can’t
we just have a Norms module that can be added to a system? I will
discuss these issues and also point to some possible ways forward.

1 Introduction

In [3] we already described some of the issues that come up when trying to
implement norms in agent systems. Because the norms influence the behaviour
of the agents, they somehow have to be taken into account during the planning
and execution of their actions. It is this influence relation between the norms and
the plans and actions that is difficult to capture. Let me give a simple example.
There is a norm that bikes should stop for a red traffic light. In a typical Dutch
city like Amsterdam it would be hard to deduce this norm from just looking at
the actions of the bikes. So, there is certainly not a one-on-one relation or rule
that makes bikes stop whenever the traffic light is red. From own experience it
seems that the norm functions as a heuristic that states that when you are on
a bike and getting to a red light you have to check whether you can cross and
have to stop when there is traffic coming from the sides streets (that you cannot
avoid in any way). However, bikes will also stop when there are children already
waiting at the traffic light (because you have to give a good example) or when
they spot a policeman that could give you a fine when passing a red light. These
examples show that the way a norm influences the actions is at least partly
situational. One could argue that thus one has to take both the norm and the
current situation as input for the influence relation. Theoretically this is correct,
but it can be quite difficult to determine how the norm and situation should
be combined. Are there just a lot of special situations that give exceptions to a
general rule or are there types of situations that each combine in a different way
with the norm? This is not very clear and also has not been investigated in a
systematic way (although this has, of course, strong links to modeling norms as
a kind of default logic).

However, the situation gets even more complex as not only the present situ-
ation influences the way norms influence behaviour, but also the social structure
of which this situation is a part. E.g. a biker might stop for a red light if everyone
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else also stops, but ignores the light if most people do so. The biker also might
disregard red lights habitually (at certain crossings or times) if he knows that
in the past this never led to any danger. Finally, if the biker is a school teacher
riding ahead of a class of children on the bike he will never pass a red light. So,
we have to include social status, roles, practices and history in the list of aspects
that should be regarded when modeling the influence of norms on behaviour.
The list gets longer and longer and also involves more and more complex con-
cepts. Thus it is clear that modeling the influence of norms on behavior can be
very complex and will differ depending on which of these aspects are taken into
account.

Of course, norms do not exist in isolation. So, besides the above norm there
might be a norm that you have to come in time for a meeting with your boss.
When you go on the bike to work and are a bit late it might be that you get
a conflict between the norm to stop for a red light and being in time for the
meeting. In a good logic tradition one could solve this problem by giving a
preference order over the norms such that one will be fulfilled and the other
violated when they are in conflict. This could be conveniently handled within
the norms module. However, life is not as simple as that. Often the preferences
of the norms are situation dependent. If I have a meeting with my boss in which
I am going to ask a favor (or promotion) I certainly do not want to be late and
possibly annoy him before even starting the meeting. Thus I might risk going
through red in order to be in time for the meeting. But if I see a policeman near
the traffic light I might stop. The reason being, not that I give priority to the
traffic norm, but rather that if the policeman is going to fine me, it will take
even more time than just waiting for the light! So, at this moment the planning
actually influences the norm preference and which norm might be violated. To
further complicate matters one might even consider that passing through the red
light and being fined one certainly will be late, when you pass through the red
light and not get a fine you certainly will be in time and if you stop for the red
light you still have a chance of making it in time to the meeting. It is clear that
in these more complex cases it does not suffice to just check which norms are
applicable at a certain moment and use those as a kind of filter on the potential
plans. There is a interdependence between the planning and the norms that does
not (always) allow for a one way influence relation (as would be prefered for any
deliberation architecture)!

2 Acting with Norms

Given the above arguments one would think it is better not to incorporate norms
in agents at all. Things are not as grim as they seem though. Norms have many
aspects and not all aspects are equally important in every application. The first
step to take when implementing norms should thus be to determine what the
function should be of the norms in the system that is developed. The aspects
that relate to that function have to be modeled and implemented. In many cases
the norms are seen as constraints that (in principle) can still be violated (either
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in specific circumstances, randomly in some cases, or based on another clear
criteria). In this case one can have a norms module that is used to check all
potential plans and orders them based on how many norms they violate and
how efficient the plans are.

However, if the norms should lead to emerging behavior as perceived in reality
this will not be enough. In that case more elaborate mechanisms should be
designed. This will often also necessitate a more complex deliberation cycle of
the agents incorporating more social concepts. This is not very easy, because
it is not clear on forehand which concepts are needed exactly and there are no
architectures that incorporate these concepts in a systematic way. I.e. there are
all kinds of extensions of BDI architectures, but often with only one or two new
concepts and usually for a very specific purpose or application area.

What is needed is a richer social model in which norms can play a role and
agents have all social concepts available. Based on such a rich conceptual model
designers can make choices of which parts are needed for their application and
what are the consequences of choices they make (both for possible (emerging)
behaviour and also for efficiency). Until such a more elaborate social model ex-
ists people will have to start from scratch every time they want to implement
norms with a slightly different perspective or function in mind. Although this
is useful in its own right as all these implementations might support some par-
ticular rich social model and give ideas on how to build this, the danger is that
people get tired of using norms because they are difficult and try to circumvent
the problems in current day systems with very primitive means. This will lead to
poorly designed systems that are not well understood and might lead to unfore-
seen or unwanted emerging behavior. The research that I have started in [1] and
[2] should be seen in this light. Although norms do not feature prominently in
these papers, they are the underlying motivation to take this broader perspective
and start working on a more encompassing social framework. As stated in the
vision paper, we hope that other researchers get inspired by this and will join
the research.

3 Biography

Dr. Frank Dignum received his PhD in the previous century and has since been
working in Swaziland, Portugal and The Netherlands. He is working on social
aspects of software agents with applications in serious gaming and social simu-
lations. He is well known for his work on norms and agent communication and
lately for the combination of agents and games. His latest research focuses on
creating new agent architectures to build agents that operate in real-time envi-
ronments and have to cooperate with humans and other agents. He has organized
many workshops and conferences on the topics and given tutorials at most major
conferences and summer schools on them.
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Abstract.  
At the SRBR we have developed a research platform for technology-

enhanced learning focusing on using tablets in the classroom and col-
lecting fine-grained usage data from the education material. Throughout 
field trials, we have curated a database of such usage signals, that we 
are using to better understand how students learn, are engaged and 
how to measure student performance in a more organic manner. We 
can use this data to calibrate an agent-based simulation of a classroom 
in an attempt to understand how changes in the classroom or content 
would affect the real-world students. In the introduction to the 2016 
CARE@AAMAS workshop, I will present this platform and some early 
results. 
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Abstract. Recommender Systems have become an essential  part  for web services.  Many

people now rely on recommended contents to decide what movies to watch, which music to

listen,  or  what  products  to  buy.  Typically  this  kind  of  recommendation  is  tailored  to

individual users. However, in e-learning environments, many activities may not be intended

for personal usage,  but rather  for  group consumption. Group recommendation is a tough

problem to solve because different members of a group may have different preference. This

short paper investigates ways to recommend courses depending on which members happen to

be  online  during  the  same  time  frame.  We  propose  a  multi-agent  model  to  generate

recommendations. Members' activities are simulated by multiple intelligent agents, evolved

by genetic  algorithms,  autonomously interacting  within  a  virtual  world  simulating  an  e-

learning environment populated with hundreds of randomly generated courses that mimic

actual online courses. Recommending ideal group courses to multiple members at the same

time may lead to a fun and highly interactive session and we believe the result from this early

research can give positive values to the world of online learning.

Keywords: Multi-Agent Simulation, Recommender System, e-Learning

1.   Introduction

These days, many web services rely heavily on recommender systems [1]. Social networks recommend you

people to follow, streaming websites recommend you videos to watch, or e-commerce websites recommend you

products to buy. People deal with these services daily. Once the number of items being offered to users is greatly

increased, users could easily become overwhelmed by a situation commonly referred as information overload

[2]. People gets confused as they just don't know what to do after the visit the website. Recommender systems

try to address this problem by recommending things to do, such as what items to buy or what music to listen, to

users based on their preferences.

Recommender systems are typically tailored toward individual user [3]. However, there are situations

where recommendations are necessary to be made for several users as a group. E-learning can be a situation

where group recommendation can play as a vital  role [4]. In an e-learning environment,  to create a virtual

classroom atmosphere, courses can be designed to be taken by a group of students. These virtual courses may

not be intended for personal usage, but rather, for group consumption. Tasks within classes may be offered as
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group works and questions may lead to an interactive discussion amongst students.

However, group recommendation is a tough problem to address [5]. A group can consist of students

with various learning preferences. Students being online may differ from the group of the previous session.  This

short paper introduce a method to recommend courses depending on the types of students who happen to be

online  during  the  same  time  frame.  We propose  a  model,  implementing  multi-agent  systems,  to  calculate

predictions and to generate recommendations.

We generate  an  e-learning  environment,  filled  with  hundreds  of  randomly generated  courses  that

resemble  actual  online  courses.  The  environment  is  populated  by multiple  intelligent  agents  that  simulate

students' activities.  These agents are evolved by genetic algorithms [6] and autonomously interact with each

other and giving feedback in forms of reinforcement learning [7]. 

2.   Proposed Method

Our proposed method uses a Learning Classifier System (LCS) that combines the features of genetic algorithms

and the feedback measures of reinforcement learning [8]. LCS has been found to provide good recommendation

[9] and has also been proven to work effectively in a multi-agent environment [10].  This research aims to

improve the multi-agent  LCS model by adding a capability to also support  recommendations for  group of

multiple users, in addition to recommendation for individual users.

LCS is essentially a collection of input-action classifiers illustrating known knowledge it has learned

from previous situations. It collects input from the e-learning environment, such as the students currently online,

their profiles, and favorite topic. Based on these inputs, it proposes actions (Fig. 1) in form of which course

recommendation to take.

Fig 1. Illustration of a Learning Classifier System

For  each  group of  students,  the  system extracts  their  profile  (gender,  age,  and  location)  and  their

favorite topic (science, social, or language).

Genetic algorithms are used to search and test the possible permutations for LCS classifiers by applying

permutation and crossover upon them. Genetic algorithm is triggered (GA_TRIGGER) when the average time

period  for  classifiers  within  the  set  [A] since  the  last  occurrence  of  genetic  algorithm is  greater  than  the

frequency parameter θ:
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If the current environment situation matches the classifiers within the population set  [A], the system

allocates those matched classifiers into a match set  [M]. The algorithm continues to calculate the prediction

array P(A) of the set [M] using the value of prediction (C.p) and fitness (C.f) of the classifiers within [M]:

 Recommendation proposed by the classifiers with the highest P(A) is selected. Reinforcement learning

is then applied after the LCS makes a recommendation to give feedback hinting the quality of the proposed

recommendation. The feedback is in the form of reward R to be allocated to the classifiers in the set  [A],

derived from the maximum prediction within the prediction array of the current iteration P(A), discounted by γ:

3.   Early Experiment

To test  our method, we generated 200 courses (categorized into science,  social,  or  language studies)  to be

recommended to 1000 agents randomly generated through Gaussian distribution with standard deviation from

0.01 to 0.05 to fill their profiles in form of gender (male or female), age (kids, teens, or adults), location (at

home or outside), and favorite subject (science, social, or language studies). Each course is designed to be taken

by a group of three agents  (experiment 1)  and four agents (experiment  2).  At  each time frame during the

simulation three or four agents are randomly selected to be “online”. The system then try to recommend a course

that suits the combination of these agents profiles. We calculate the precision value as the occurrence of true

positive (tp) divided by the sum of the true positive (tp) and false positive (fp): 

We ran the simulation up until 10,000 simulation steps to see how the precision values progress over

time. Fig. 2 illustrates the Precision percentage of experiment 1 and experiment 2 after every 1000 th simulation

steps.

Fig. 2 Precision value of Experiment 1 and Experiment 2
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Fig. 2 shows that recommending courses to a group of four students need much longer time to produce

the same range of precision than recommending to a group of three agents. This is expected as more agents

means more permutation to test and much deeper search space for the genetic algorithms to explore.

At some points during the experiment 1, we saw a sudden big increase in precision. This happened

because after a long run, more and more agents with similar profile showed up and the LCS has built a big

enough collection of classifiers that were already proven to be accurate. For similar reason, we saw precision

gap was widening between both experiments during latter-half of the simulation because by the time experiment

1 had built a collection of accurate classifiers, experiment 2 still had more  permutation to test and search.

4.   Future Works

Recommending ideal group courses to student groups may lead to a fun and highly interactive session and we

believe the result  from this early research can give positive values to the world of online learning.  Future

research include algorithm optimization, and testing with real data. A longer run of simulation may also provide

more insights to what is happening during the learning process.
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Abstract. Traditional theoretical classroom dynamics suffer from stu-
dent feedback and interaction. Unfortunately, attendance rates also rep-
resent a common problem. In order to mitigate these issues, we propose
the inclusion of novel teaching resources. On the one hand, Multi-Agent
Systems (MAS) core concepts of distribution, autonomy and interac-
tion can be mapped into collaborative classes, where students can ex-
perience theoretical concepts in hands-on activities. On the other hand,
class gamification can help to enhance students motivation and engage-
ment. Nevertheless, applying gamification requires the usage of a suit-
able framework. This paper proposes an extension of the Gamification
Model Canvas. This extension includes MAS principles as well as those
of Lego Serious Play and Audience Response Systems. Additionally, we
illustrate its applicability by means of a case study that designs and gam-
ifies a multi-agent systems class, which has been positively evaluated by
students.

Keywords: Gamification, Teaching MAS, LSP, ARS

1 Introduction

Nowadays, learning of multi-agent systems (MAS) concepts is often an indi-
vidual experience with a unidirectional communication between teachers and
students, and where both methodology and environment are those of a tradi-
tional classroom. In this context, theoretical classes are boring, include many
abstract concepts [3], and, as a result, students simply do not engage, and there
are low attendance rates in theoretical classes.

But, what about if teachers design MAS classes as if they were multi-agent
systems? In this case, teachers and students would work collaboratively, acting
as agents that (distributively) interact, and promoting emergent behavior [1].
In this scenario, both existing knowledge and skills could be put into practice,
keeping in mind that this experiential approach would ensure that teaching ideas,
principles and concepts have a lasting value [5].

In addition, if session activities would include emulating MAS applications
in this collaborative setting, it would consolidate learned concepts and would
also enhance students experience [20]. Moreover, these activities would exploit
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2 Gamification in Teaching Multi-Agent Systems

transversal skills such as teamwork, social applications, collective thinking, ar-
gumentation and social intelligence [4].

Furthermore, if we gamify these activities, students would become more en-
gaged and motivated. Gamification is the use of game design elements and game
mechanics in non-game contexts [6]. In fact, the application of gamification tech-
niques in different contexts has increased in the last years1. Specifically, it is a
current trend in education since it is used to increase students’ engagement and
to promote certain learning behaviors on them [7]. Nevertheless, gamification is
not a straightforward process and, thus, it should be driven by a formal gamifi-
cation design framework to prevent failures in the implementation. Gamification
Model Canvas2 (GMC) is a framework which has proven to be an agile, flexible,
and a systematic tool that helps to design and to evaluate a gamified system [17].
However, to the best of our knowledge, GMC has been applied only in business
contexts rather than in academic ones.

This paper proposes an extension of GMC framework and applies it to gam-
ify a university class. The extension is done at two different levels. On the one
hand, at an inner level, we propose the inclusion of a new relevant element
within the framework. On the other hand, at an outer level, we consider the
addition of external supporting systems, Lego Serious Play (LSP) [8] and Au-
dience Response System (ARS) [13], that help to put into practice the design
framework. LSP to generate new ideas (brainstorm) about how to improve the-
oretical classes through building models with metaphorical meaning using Lego
bricks, and Game-Based ARS to involve all students in a classroom, enhance
learning feedback and interactivity within the class. Additionally, we illustrate
its applicability through a case study of an undergraduate MAS subject, where
students revisit MAS theoretical concepts and design a specific MAS. Moreover,
when working collaboratively, MAS principles were somehow mapped into an
experiential and immersive design, where students had autonomy to design and
play agents themselves and their interaction was key to orchestrate the overall
designed system.

2 Related Work

The popularity of gamification in the education field has increased in the last
years. Many experiences have introduced gamification into elementary, high
school, and even higher education settings, obtaining uneven results in educa-
tional attainment and motivation [19]. Usually, unfruitful results can be due to
the fact that gamification is being applied by merely adding game rewards to an
existing set of learning activities, instead of using gamification design frameworks
to make activities more attractive and engaging.

Game designers state that the core of a game for learning should be aligned
with those competencies students are aimed to acquire [12]. This should be taken

1 http://www.gartner.com/smarterwithgartner/five-key-trends-in-gartners-2015-
digital-marketing-hype-cycle/

2 http://www.gameonlab.com/canvas
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into account in order to guarantee the success of a gamified class. Actually, the
effective gamification of courses is still a challenge. This is specially the case
in the higher education context [11], where students must assimilate high-level
concepts in a short period of time.

To the best of our knowledge, few gamified experiences for teaching and
learning in computing areas have been proposed in high education. Some of them
are encouraging experiences related to teaching MAS concepts. For instance, [1]
included role playing games in teaching the content of an MAS, where players
understood the basis, were motivated and had fun.

In other experiences, we found the effectiveness of brainstorming driven by
Lego Serious Play, [14] gamified the process of formulating and refining use cases
in software development. In general, students who used LSP attained a higher
level of skills in the areas of comprehension, application, and analysis. Moreover,
the quality of software projects submitted at the end of the course improved,
and student engagement increased significantly.

Related to the use of gamification models, other approaches applied design
frameworks to introduce Computer Science [15] and C-programming language
[10] in introductory courses. Briefly, [15] followed the MDA framework [9] to
encourage students to increase participation in social and learning activities by
using PeerSpace, an online social network for collaborative learning. As for [10],
students achieved higher understanding and engagement in programming in the
context of a C-programming language gamified course. Its design was based
on Nicholson’s theoretical framework [18]. In this engaging experience, most
students continued working even after earning the maximum amount of grade
points. They also continued mastering unexplored C-programming topics.

Pointing out the encouraging results attained in these experiences, we pro-
pose to use both LSP and GMC framework to gamify classes of multi-agent sys-
tems, a subject that implies the introduction of theoretical abstract concepts,
which may become tiresome and dull to follow.

3 Gamification Model Canvas - GMC

Gamifying effectively an activity is not as straightforward as to use points,
medals, and badges to engage users. Therefore, gamification frameworks be-
come a useful guidance for designers [17]. Specifically, GMC constitutes an agile,
flexible and systematic instrument that helps to find play-based solutions to
develop behaviors in non-game environments. It is based on the MDA game de-
sign Framework [9]– which lets collect interests of users about aesthetics and
dynamics– and on Business Model Canvas, a tool to design a business model 3.

GMC considers nine ordered elements: 4

– Revenues element describes either the economic or social return of the gam-
ified solution.

3 http://www.businessmodelgeneration.com/canvas
4 Note that references to these elements along the paper are highlighted in italics.
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– Players element focuses on who are the users, how are they, and what are
their expectations. They can be considered newbies, masters or designers5,
and each profile involves different Bartle and Marczewski’s gamification user
types [2][16]. The newbie profile is an early user of the system and could be
killer, self-seeker, consumer or exploiter. The master is a regular user who
needs more meaningful incentives to become an expert or designer user and
could be explorer, achiever or socializer. The designer is a very committed
user who helps the system and needs self-realization opportunities to develop
himself and could be philanthropist, free spirit or disruptor.

– Behaviours element describes the behaviours or actions we want to develop
in the players in order to get revenues from the project. For example, go to
a website, read content, answer a survey, buy something, etc.

– Aesthetics element describes the desirable emotional responses elicited in
players during the playing experience. For example, challenge (game as an
obstacle course), fellowship (game as a social framework), etc.

– Dynamics element defines how to create the aesthetics. For example, fellow-
ship aesthetics can be facilitated by means of dynamics that allow sharing
information within a group or by tasks (or winning conditions) that cannot
be achieved by single players. Example of dynamics are altruism, scarcity,
identity, status, etc.

– Components element defines those elements involved in the creation of dy-
namics and feedback that will create game mechanics. For example, points,
badges, levels, missions, avatars, etc.

– Mechanics are the various actions, behaviours and control mechanisms af-
forded to the player within a game context. It describes the rules of the game
with components for creating game dynamics.

– Platforms element defines the environment physical or virtual, on which to
implement game mechanics.

– Costs element describes the investment needed to develop the game.

In the following section we present the proposed extensions to GMC framework.

4 Proposal

4.1 GMC new element - End Game

Each iteration in GMC helps to further define and validate the hypothesis as-
sociated to those elements of the model defined in previous steps. Specifically,
the mechanics element, which is core in the gamification process, is the section
that requires more iterations and refinements. This is the case even if all the
components of the rest of the elements are well-designed, since the complexity of
designing game mechanics is intrinsically high. In fact, some initiatives plan to
provide tools to aid gamification designers with the transformation of selected
components in the GMC workflow into specific mechanics that turn out to be
suitable for the gamification process at hand.

5 Gamification World Congress 2015, https://gamification.world/congress/gwc-2015
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Moreover, Mora et al. [17] point out that specific hypothesis refereed to the
logics of the game, such as game on-boarding or end game rules, do not appear
explicitly in any element of the GMC framework. Certainly, although one may
argue that some of these rules could be defined during the subsequent refine-
ment steps of the mechanics element, its design becomes unavoidably complex
when combining all actions, behaviours and components to define all the rules
of the gamified activity. Therefore, to isolate the specific rules of the end of the
game,would help in the modularity of the overall design process.

Thus, we propose to extend the GMC framework with a new element named
end game (see Fig. 1). This element integrates different actions and behaviours
to create specific game dynamics that will reach the end of the game. These
dynamics will lead to a final state of victory or goal accomplishment which,
most often, will stretch players to the limits of their abilities in their pursuing of
this final (desirable) state. In the case of a learning serious activity, our claim is
that students will make further progress in their skills and knowledge acquisition.
To become top user –with highest score in a competitive context– or to become
most popular player –with highest peer recognition in a collaborative context–
constitute some examples of end-game rules.

4.2 GMC Extensions

As we consider revenues, players, aesthetics and mechanics rough elements in the
GMC framework, we propose to extend it with two external systems that may
help designers in these elements. Fig. 1 depicts this extended GMC framework.

On the one hand, we suggest the use of tools that involve users to: corroborate
revenues (we also refer to them as benefits); refine user profiles (players); and
let them to provide suitable and creative solutions (aesthetics and mechanics).
The Lego Serious Play is one representative example of these tools.

On the other hand, mechanics can be deployed by using Audience Response
Systems. For example, ARS quizzes create a competitive atmosphere, includ-
ing timed responses, real-time feedback and points. Additionally, ARS Surveys,
which lack of any competitive aspect, can be used for getting feedback from
learners, being more suitable for group discussions.

5 Case Study

In order to explore the application of our extended GMC framework, we per-
formed a case study of teaching Multi-Agent Systems, an optional subject in the
fourth-year of a Computer Engineering degree. It has 6 ECTS (European Credit
Transfer System), students attend two 2-hour-long in-class activities per week.

As for class attendance, a total number of 26 students were enrolled in the
course. Nevertheless, just a few of them (less than 20%) attended all theoretical
classes. In fact, none of the theoretical classes did surpass fifty percent atten-
dance. Additionally, when attending, the majority of students did not actively
participate in class discussions. Therefore, our gamification goals (i.e., benefits)
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Fig. 1. Design of the gamification experience applying the Extended GMC.

are to increase both class engagement and attendance, as well as to reinforce
MAS learning, considering that concepts introduced in MAS theoretical classes
are often abstract and difficult to grasp.

5.1 Design

The design of the gamification was conducted by a team conformed by a game
designer coach, the teacher of the MAS subject, and two collaborator teachers
who also actuated as assistants during sessions.

In the starting point of the design process we involved a group of students
in a brainstorming session to corroborate our diagnosis of the problem and our
definition of the solution (i.e. gamification goals). We also aimed at obtaining
students’ feedback as well as collecting their opinions and ideas. To do so, we
scheduled a Lego Serious Play activity (see blue box in the right most part of
Fig. 1) with eight voluntary students distributed in two groups of four students
each.

Upon coach’s requests, students built a model about a MAS application
in the real world, built a model of a novel MAS model that could improve
the world, and built a model of their ideal class to learn MAS topics Finally,
students answered a survey that gathered their opinions about the LSP activity
and current dynamics of (non gamified) MAS theoretical classes.

All students agreed that the activity of modelling a MAS application with
Lego bricks had helped them conceptualise and reinforce concepts of the subject.
They also claimed that they had learned from the MAS application proposals
made by their fellows. They imagined their ideal class as an engaging and col-
laborative activity with the teacher giving support to groups of students, who
interact among themselves and apply theoretical concepts to real applications.
It is noteworthy that during the LSP activity they had fun and felt committed
and motivated.
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These results helped us to confirm the suitability of the gamification project.
Moreover, some students suggestions about their ideal class inspired our class
gamification design, which is depicted in Fig. 1 and detailed in the following.

The revenues (benefits) to achieve with the gamified class are: reinforce MAS
learning, increase class engagement and increase class attendance.

Related to players, students could be considered master players in GMC
framework, because they are familiar with the basic concepts of MAS. Further-
more, the design team agreed that user types were socializers and achievers.

As students usually have difficulties with the first contact with MAS concepts,
and also to be continuously engaged during the class, our proposal of behaviors
to develop in the players were how to ice-break and how to overcome mental
exertion. Then, we propose to include several quizzes with real time feedback
along the class, and oral presentations of group projects.

The aesthetics –desirable emotional responses evoked in students– we con-
sidered are: to overcome a challenge, explore MAS concepts, and fellowship.

As for dynamics, we chose to: be productive or contribute to reinforcing
concepts for all class students, enhance the group identity and progression within
the classroom, and visualize the progress of each student inside the gamified MAS
session.

Components we used are: progress bar, achievements, leaderboards, badges,
coins, and points.

The mechanics we defined revolve around point rankings. First, students an-
swer an interactive quiz –performed by means of an Audience Response System–
and obtain individual points. The student at the top of the ranking earns a badge,
and each student adds his points to a paper scoreboard. Afterwards, students
design a MAS project consisting of several activities that include the build-share-
reflect sequence from Lego Serious Play. Along this sequence, students share
proposals and get rewards: physical coins that correspond to a number of points
in the scoreboard. Badges are also awarded for most valued (voted) projects.
Additionally, a shared coffee break was included to promote group identity.

The end game consists in, firstly, choosing (and rewarding) the three students
with the higher scores (that is, the number of points accumulated along the
performed activities) and, secondly, declaring the absolute winner.

Regarding platforms where to apply gamification, we required to use both the
physical classroom (and resources) environment as well as an Audience Response
System website.

Finally, some costs are identified to be necessary to get some of the resources
required to develop the gamification project. These are coins, badges, class pro-
jector and personnel.

Next section explains the actual execution of these mechanics and end game
as well as the usage of platforms and incurred costs.

5.2 Gamified class

We conducted a two-hour-long theoretical class with 24 students which were
familiar with the subject, and thus, they could be considered as master players.
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8 Gamification in Teaching Multi-Agent Systems

The session was first introduced by recalling our gamification goal (i.e., expected
benefit) and describing its outline: reviewing theoretical concepts and designing
a Multi-Agent System.

Thus, the class started by reviewing theoretical concepts for half an hour.
This activity was designed to consolidate MAS concepts by means of an Audience
Response System that induced the ‘answer a quiz’ behaviour with ‘individual
challenge’ aesthetics.

Specifically, students participated in an interactive quiz we created at Ka-
hoot! 6 web platform. It consisted of 5 consecutive theoretical questions posted
on the class projection screen. Top left image in Fig. 2 shows the first question.
Students answered (and received feedback) by means of their mobile phones.
Fig. 2 also depicts the colour-and-shape-code user-friendly interface that stu-
dents are provided to select their individual answer (See top right image in Fig.
2) where left-most image shows possible answers to choose from whereas the rest
provides student feedback. Cross-marked red screen stands for time-out or incor-
rect answers (no points awarded in any case), for both cases the correct answer
is provided. Tick-marked green screen indicates the answer is correct as well as
the number of awarded points. They were awarded up to 1000 points7 if they
answered each question correctly and within a 30 second timeout period, so that
the quicker they answered, the most points they got. For each question/answer
cycle, the class projection screen showed an histogram of aggregated answers in-
dicating how many students had chosen each option. When figures showed that
some concepts were not clear enough, the teacher opened a discussion about
most common errors (see bottom left image in Fig. 2).

The mechanics of this ARS incorporated different ways of providing imme-
diate feedback to students. On the one hand, as top right image in Fig. 2 shows,
each mobile phone indicated individual achievements: if the answer was correct
or wrong, the awarded points, and current position in the class ranking. On the
other hand, the class projection screen showed student rankings after each ques-
tion (see bottom right image in Fig. 2). Afterwards, at the end of the quiz, the
winner got a badge and students were asked to write their total awarded points
in a paper scoreboard. We had provided beforehand this scoreboard for including
subsequent activity scores, and thus, it also acted as a progress bar.

Afterwards, we devoted most of the session to experience with the design of
a MAS. Here the teacher first presented subsequent parts a Multi-Agent Based
Simulation research project, and then we encouraged the students to collabora-
tively design related examples of MAS —so we induced a MAS design behaviour.

Simweb is a former European research project that aimed at defining and
studying alternative market models for the distribution of electronic contents
–such as music or pieces of news. It involved the definition of a market as a MAS
including both market stakeholders as well as those products being traded. Thus,
it required characterising: i) buyer and provider agent roles and associated be-

6 https://getkahoot.com
7 For the sake of readability, we also use italics to highlight previously designed com-

ponents from Fig. 1.
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Fig. 2. Top-left: Question projected. Top-right: Mobile student interface. Bottom-left:
Histogram of answers. Bottom-right: quiz scoreboard.

haviours; and ii) product ontologies. Different actions and strategies were defined
for each role: “imitation”, “innovation”, or “reputation leadership” constituted
alternative provider strategies; whereas ”buy cheapest offers”, “satisfy requests
exactly”, or “be loyal to provider” were some buyer strategies. Additionally,
products were defined in terms of its attributes and associated value domains.
These definitions were key to define provider product offers as well as buyer
preferences.

Students were asked to design a MAS market collaboratively. Initially, stu-
dent pairs had assigned 3 different products (a party organizing service, a dron,
and an electronic book), and the various provider and buyer strategies mentioned
before. Each pair had a specific product, buyer and provider strategies assigned
such that there were 12 different pair assignments but 4 pairs traded the same
product —so that they could form 3 bigger groups afterwards. When working
collaboratively, MAS principles were somehow mapped into an experiential and
immersive design, where each student had autonomy to design and play one
agent (i.e., its behaviour) but student interaction was key to agree on the overall
system orchestration (i.e., common product definition and interaction).

MAS market design was partitioned in two phases, each following a (i) design
-(ii) share -(iii) reward sequence similar to the one from Lego Serious Play. First
phase required students to define the product, provider offers, and buyer prefer-
ences. Whereas in the second, students specified the agent interaction protocol
and executed the system so that agent decision making –based on computing
buyer requirement satisfaction from considering providers’ offers– become ap-
parent. For each phase: (i) design was done in pairs; then (ii) each pair shared
their definition with those 3 other pairs trading the same product and finally,
(iii) students awarded each others’ work by awarding physical coins that were
initially equally distributed. Specifically, each pair agreed on the design they
liked the most and awarded this other pair by giving 2 of their coins (one coin
from and for each student). Moreover, it is worth mentioning that these tree
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stages had a 3-to-5-minute time limitation that kept students focused on their
tasks.

This activity was quite demanding. Therefore, a shared coffee break was
introduced to relax students a bit. Students had an opportunity to socialize in
a more relaxed atmosphere and to enhance the group identity.

Considering the overall activity from a gamification point of view, our final
goal was to increase the mastery (i.e., knowledge) of ‘master’ players, but stu-
dents where also considered as both ‘socializer’ and ‘achiever’ players, since they
worked collaboratively to achieve their design task. Furthermore, the aesthetics
were that of ‘discovery’ and ‘fellowship’ and main dynamics pursued students to
be productive while learning to design a MAS market.

Students obtained points from different activities so that the End game was
defined by accounting for the students that reached the top at the final score.
Thus the mechanics consisted in:

1. Sharing: The pair having most coins within each group explained their mar-
ket design to the rest of the class. As a result, 3 pairs explained market
examples that traded different products.

2. Reward: Classmates voted for the preferred one. Each member of the winner
pair won a badge.

3. Teacher’s feedback: The teacher provided final remarks on MAS design such
as model visualization or MAS execution indicators.

4. Ranking: Students updated their paper scoreboards by computing their total
number of points and by considering that both coins and badges accounted
for 1000 points each.

5. Winner and price assignment: top-three-scored students raised their subject
grades proportionally. The overall winner was also acclaimed by classmates.

6 Results

Based on data gathered from surveys filled by students after the gamified class,
we present the following results:

– 96% of students considered that their knowledge or skills in MAS concepts
had increased after hands-on activities during the gamified MAS class.

– 96% of students indicated that tools used in class (interactive game, partici-
patory activities, group work, awards, etc.) had helped them to be engaged,
motivated, and also to reinforce and further learn MAS concepts.

– 92% of students had fun during the gamified theoretical session.
– 88% of students believed that classes could include gamified dynamics.
– 83% of students would attend more classes, if they were gamified.
– 96% of students would recommend their fellows to attend gamified sessions.

Analyzing these results, we can conclude that the majority of students perceived
knowledge acquisition during the session. We can also observe that students were
a bit more engaged and motivated than took pleasure. It could be due to the fact
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Fig. 3. Results of gamified MAS class about students.

that they probably did not follow well the activities due to an overloaded agenda,
as they themselves said. Then, as a lesson learned, we could say that gamified
activities must be carefully designed to facilitate participation and engagement
of students in class.

Related to students’ opinions about the use of gamification in theoretical
classes and if they would attend classes more frequently, the reason of the de-
crease of values until 88 and 83 percent respectively may result from (i) the
preferences of some students of “learning by example”, which demands from
them a less cognitive effort (they play a passive rol) in contrast to their active
rol during gamified classes, (ii) and the coincidence of studies and work timeta-
bles. Recall that this is a subject of last year of studies, so that many students
work and study at the same time. Additionally, it should be noted that the ma-
jority students had fun with ARS quiz and found it interesting. Nevertheless,
some others did not liked the competitive aspect of gamification.

7 Conclusions and Future Work

This paper presents a methodology to improve traditional classroom dynamics
and knowledge acquisition. Specifically it aims at promoting student’s perfor-
mance, in-class participation and attendance. This methodology is based in the
Gamification Model Canvas framework, but extends it to include MAS princi-
ples, as well as those of Lego Serious Play and Audience Response Systems, so
that its application in current academic contexts become most suitable.

We have developed a use case consisting of the design and implementation
of a gamified class in the subject of MAS in a university level course. 96% of
students believed that activities and tools used in the gamified class had helped
them to consolidate and deepen their knowledge, besides got them engaged and
motivated during class. As future work, we expect to be able to further evaluate
the proposal extending this experience to next year MAS course as well as to
other subjects.
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C., Mart́ınez-Herráiz, J.J.: Gamifying learning experiences: Practical implications
and outcomes. Computers & Education 63, 380–392 (2013)

[8] Gauntlett, D.: Creative explorations: New approaches to identities and audiences.
Routledge (2007)

[9] Hunicke, R., LeBlanc, M., Zubek, R.: Mda: A formal approach to game design
and game research. In: AAAI Workshop on Challenges in Game AI. vol. 4 (2004)

[10] Ibanez, M.B., Di-Serio, A., Delgado-Kloos, C.: Gamification for engaging com-
puter science students in learning activities: A case study. Learning Technologies,
IEEE Transactions on 7(3), 291–301 (2014)

[11] Iosup, A., Epema, D.: An experience report on using gamification in technical
higher education. In: Proc. 45th ACM technical symposium on Computer science
education. pp. 27–32. ACM (2014)

[12] Kapp, K.M.: The gamification of learning and instruction: game-based methods
and strategies for training and education. John Wiley & Sons (2012)

[13] Kay, R.H., LeSage, A.: Examining the benefits and challenges of using ARS: A
review of the literature. Computers & Education 53(3), 819–827 (2009)

[14] Kurkovsky, S.: Teaching software engineering with lego serious play: conference
workshop. Journal of Computing Sciences in Colleges 30(6), 13–15 (2015)

[15] Li, C., Dong, Z., Untch, R.H., Chasteen, M.: Engaging computer science students
through gamification in an online social network based collaborative learning en-
vironment. Journal of Information and Education Technology 3(1), 72–77 (2013)

[16] Marczewski, A.C.: Even Ninja Monkeys Like to Play. CreateSpace Independent
Publishing Platform (2015)
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Abstract. In a school, it is a matter of importance to educate on discussion skills.
On-the-job training (OJT) is an effective method for discussion education. To re-
duce the burden of the supervisor taking care of several discussion groups, we
have developed a discussion support tool for use on a tablet PC. Each student is
assumed to participate in the discussion and exchange messages through a com-
puter network. This tool has an easy input interface by which a student inputs
his message in the form of an argumentation diagram. Then, this message is con-
verted into logical formulas, and furthermore, converted into an argumentation
framework, which represents a logical structure of the discussion. Then, the se-
mantics of the discussion is calculated and they are displayed on the screen to the
student. This information helps students to understand the current status of the
discussion and to select the next utterance.

Key words: Argumentation theory, argumentation framework, argumentation sup-
port tool, logical analysis of real complicated discussions, reliability of argument,
modular structure

1 Introduction

In order to educate on discussion skills in a school, on-the-job training (OJT) is of-
ten used. To proceed OJT in a class, a supervisor explains the subject of discussion
to students, divides students into several groups, and each group discusses the subject.
During the discussion, the supervisor circulates around these groups, observes their
discussion, and gives advice. A discussion contains several kinds of utterances such as
claim, concede, denial, argument, counter argument, and so on. The supervisor recog-
nizes these speech acts, detects attack and support relations between utterances, draws
possible conclusions and gives advice based on these observations. Though OJT is a
useful method for educating discussion skills, as the supervisor has to take care of sev-
eral groups at once, it is difficult to give sufficient advice to everyone involved.

On the other hand, several on-line discussion support tools have been developed. By
using these tools, users can exchange messages by way of a computer network. Some
tools have a user interface which accepts users’ input in the form of a diagram. As
this diagram shows the logical structure between messages, it helps users to proceed
in a discussion effectively. However, these tools don’t have the function to give advice
during discussion.
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Therefore, we aim at developing an on-line discussion supporttool which solves
problems of OJT. This system recognizes the logical structure of discussion and gives
advice to students by calculating semantics of argumentation.

In Section Two, we introduce theory of computational argumentation as background
theory. In Sections Three and Four, we show an overview of an argumentation support
tool which has the function of giving advice instead of a supervisor In Section Five, we
will show an example of discussion by using this tool.

2 Theoretical Background

This argumentation support tool is based on Toulmin Diagram and the theory of Argu-
mentation Framework (AF), which represents structure of discussion in the form of a
graph, and defines its semantics.

2.1 Toulmin Diagram

Stephen Toulmin, a British philosopher, insisted that for a good argument, it needs to
provide good justification for a claim. He proposed a model of argument which contains
six interrelated components such as claim (conclusion), data, warrant, backing, rebuttal,
and mode (qualifier).

Fig. 1 is an example of Toulmin Diagram which shows six components as the justi-
fication of a claim “Tweety flies.” Toulmin Diagram is useful to make clear the logical
structure of argument.

Fig. 1.Toulmin Diagram

2.2 Argumentation Framework

An argumentationframework [3] is a tupleAF = (Ar,attacks), whereAr is a set of
arguments, andattacks⊆ Ar×Ar is a binary attack relation onAr. An attack from an
argumenta∈ Ar to an argumentb∈ Ar is expressed as(a,b) ∈ attacks. The semantics
of AF is defined as follows:
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Fig. 2.Example of Argumentation Framework

– The setS⊆ Ar is conflict-freeif f ∀x,y∈ S,(x,y) ̸∈ attacks.
– For anyx∈ Ar, x is acceptablewith respect to someS⊆ Ar iff ∀y∈ Ar s.t.(y,x) ∈

attacksimplies∃z∈ Ss.t.(z,y)∈ attacks.
– FAF : 2Ar → 2Ar, andFAF(S) = {a∈ Ar | a is acceptable w.r.t.S}.
– S⊆ Ar is acomplete extensioniff S is conflict-freeandFAF(S) = S.
– The smallest element (with respect to set inclusion) among the complete extension

is called agrounded extension.
– The maximal element (with respect to set inclusion) among the complete extension

is called apreferred extension.

An argument which belongs to a ground extension is an argument which is not
defeated by any counter argument, and an argument which belongs to any preferred
extension is an argument which is not defeated completely and which has chance to
hold. An argument which doesn’t belong to any complete extension is an argument
which is defeated by other counter argument.

For example, let’s consider the following arguments.
A1: A nuclear power plant is necessary.
A2: A nuclear power plant is not necessary.

These arguments are represented byAF1= ({A1,A2},{(A1,A2),(A2,A1)}) (Fig.2(a)).
The complete extension CE, the gounded extension GE and the preferred extension PE
of AF1 areCE= {{},{A1},{A2}},GE= {},PE= {{A1},{A2}}, respectively.

Here, let’s consider following argument A3 be added to AF1.
A3: A solar power plant may supply sufficient energy.

Then, the new structure is represented byAF2=({A1,A2,A3},{(A1,A2),(A2,A1),(A3,A1)})
(Fig.1(b)). Semantics of AF2 becomeCE= {{A2,A3}},GE= {{A2,A3}},PE= {{A2,A3}},
respectively.

2.3 Reliability-Based Argumentation Framework and Modularization of AF

AF theory defines its semantics using attack relation between arguments which ap-
peared in discussion. However, AF theory doesn’t consider the quality (the reliability)
of arguments. Furthermore, when the theme of discussion contains difficult issue points,
AF becomes large and complex. In such case,　 students cannot grasp the overall log-
ical structure easily and to calculate semantics takes much time. To solve this problem,
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Fig. 3.Example of Modular Argumentation Framework

dividing an AF into several modules is a promising approach for understanding logical
structure and for calculating semantics.

To support this modularization method, a new argumentation theory which inte-
grates semantics of modules is necessary. Therefore, we proposed Reliability-Based Ar-
gumentation Framework Theory (RAF theory). RAF is a tuple(Ar,attacks,ST), where
Ar is a set of argument,attacks⊆ Ar×Ar, andST is a function mapping from each ar-
gument inAr to any one element in the set of reliabilities{sk,cr,de f,unc}. Reliability
sk, cr, de f anduncare abbreviation ofskeptical, credulous,de f eatedanduncertain,
respectively. If the reliability of an argument isde f eated, the argument will be ignored
because such argument is unreliable. If the reliability iscredulous, the argument is on
insufficient grounds. Therefore, pessimistic people will not allow a credulous argument
to become a member of the grounded extension. Furthermore, when an argument is
attacked by an argument whose reliability iscr, an optimistic person may ignore this
attack. Therefore, the semantics of RAF is more complex than that of AF. For example,
in the case of Fig. 2(b), ifst(A1) = sk,st(A2) = sk, andst(A3) = cr, then the com-
plete extension, the grounded extension and the preferred extension of AF2 becomes
CE = {{},{A1},{A2,A3}},GE = {},PE = {{A1},{A2,A3}}, respectively from pes-
simistic view.

When a large AF is divided into several modules, semantics of an AF is calculated
by integrating semantics of each module by RAF theory. For example, let consider AF
(= ({A1,A2,A3,A4,A5,A6},{(A1,A2),(A2,A1),(A3,A4),(A4,A3),(A4,A1),(A5,A2),
(A5,A6)})) is divided into three modules, M0, M1 and M2 (Fig.3). As a module M0 is
higher than modules M1 and M2, semantics of AF in M0 is affected by semantics of
M1 and M2. In M1, an argumentation framework AF1 ( =({A1, A3, A4},{(A3,A4),
(A4,A3), (A4,A1) }) ) exists and an argument A1 belongs to a preferred extension
{A1,A3}of AF1. Therefore, in M0, the reliability of A1 becomescr. On the other hand,
in M2, an argumentation framework AF2 (=({A2, A5, A6}, {(A5,A2), (A5,A6) }))
exists and an argument A2 doesn’t belong to the complete extension of AF2. Therefore,
in M0, the reliability of A1 becomesde f. Then, in M0, as reliability of A2 isde f, A2
is ignored, and a grounded extension GE becomes{A1} on the optimistic view, and
becomes{} on the pessimistic view.
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Fig. 4.On-line Argumentation Support System

3 Argumentation Support Tool on Tablet PC

3.1 Overview of Argumentation Support Tool

Our argumentation support tool [18] is designed to be used in the course of discussion
training (argumentation training) in the school. This tool is installed on a tablet PC, and
each student is assumed to participate in the discussion using his (her) tablet PC. These
PCs are connected to the argumentation server, and students can exchange messages (ut-
terances) via this server (Fig. 4). The argumentation server stores old discussion records
in the discussion database, and has a function to search similar discussion scenes (parts
of scenario) by comparing the sequence of utterances in the discussion database.

During discussion, this tool shows not only the logical structure of discussion in
two types of diagrams such as an argument diagram and an argumentation framework
but semantics of discussion. These informations correspond to advices by an instructor.

In a client system, a user interface appears on the screen (Fig.5) by which students
communicate with others.

Fig. 6 shows the architecture of our argumentation support tool. At first, users input
utterances in the form of Argument Diagram from the input interface, then the informa-
tion of the diagram is sent to the argumentation server. In the server, the argumentation
diagram is converted into logical expressions. Logical expressions are stored in the
argumentation database. In this database, old argumentation records are stored. Dur-
ing argumentation, the argumentation server recognizes the latest three utterances and
searches for similar utterance pattern (similar scene) in the database. If the argumenta-
tion server finds similar scene, it is sent the client.

The logical expressions are converted into an argumentation framework (AF) and
its graph structure is shown on the client’s screen by the output interface. Then the
semantics of AF is calculated and its semantic information is shown on the client’s
screen, too.

3.2 Function of Argumentation Support Tool

3.2.1 Input Utterance in The Form of The Argument Diagram
The Argument Diagram represents the logical structure of utterances consisting of Data
nodes, Claim nodes and Support links, which indicate the reasoning which is from the
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Fig. 5.Snapshot of the screen of the argumentation supporttool

Fig. 6.Architecture of Argumentation Support System
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contents of Data nodes to the Claim node, and Attack relationbetween the components
of them. The Argument Diagram is based on Toulmin Diagram but is very simple be-
cause we want to make it easy for users to input during the discussion. This diagram
saves time-series information of the argument, while accepting utterances input of the
user.

Using the input interface, the user creates a node on the screen, makes a link which
combines two node, and inputs his text message in the node.

Definition 1. The argument diagram is a tuple,(A,attacks,supports) , where, A indi-
cates a set of utterances, while attacks and supports indicates binary relations between
utterances in A. A corresponds to nodes on the screen, while attacks and supports in-
dicates two kinds of links between nodes.

3.2.2 Conversion of Argument Diagram into Logical Expressions
The argument diagram is converted into the formula. The formula is classified toRs(A
set of strict inference rules),Rd(A set of defeasible inference rules),Kp(A set of the
ordinary premises) andKn(A set of the axioms).

Let an argument diagram be(A,attacks,supports). For any member of attacks and
supports,Rd andKp are obtained as follows.

– ∀a,b∈ A, (b,a)∈ attacks
=⇒{¬a⇐ b} ∈ Rd, {b} ∈Kp

– ∀a,b∈ A, (b,a) ∈ supports
=⇒{a⇐ b} ∈Rd, {b} ∈ Kp

3.2.3 Conversion of Logical Expressions into Argumentation Framework
Conversion is carried out according to the conversion process of Aspic+ [19].Example
1 shows a conversion example.

Example 1.

Kp = {s,u,x} Kn = {p} Rs = {s1,s2} Rd = {d1,d2,d3,d4,d5}
d1 : p⇒ q d2 : s⇒ t d3 : t ⇒¬d1 d4 : u⇒ v

d5 : v,x⇒¬ t s1 : p,q→ r s2 : v→¬s

Above formulas are converted into following argumentation framework.
AF = ({A1,A2,A3,A4},{(A3,A1),(A2,A3),(A3,A4),(A4,A3)})

Here,A1 : {d1,s1}, A2 : {d4,s4}, A3 : {d2,d3}, A4 : {d5,d4}

By showing this AF on the screen in the form of a graph structure, students can
understand the overall logical structure of argumentation. However, if the AF contains
a lot of arguments, the graph becomes too complex to understand at a glance. In such
case, students can divide the AF into several modules by pointing pivot argument on the
screen. Then, the AF graph is divided into two subgraphs at the designated node and
each subgraph is treated in the different modules.
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3.2.4 Calculation of Semantics of Argumentation Framework
During discussion, whenan argumentation framework is updated, its semantics is calcu-
lated. After the complete extension, the grounded extension and the preferred extension
are calculated, each argument is checked to see if it is included in the grounded ex-
tension or if it is included in the complete extension. If an argument is contained in
the grounded extension, the color of its node becomes blue on the screen. If an argu-
ment is contained in the complete extension, its color becomes yellow, and if it isn’t the
complete extension, its color becomes red.

In the case ofExample 1, the complete extensionCE, the preferred extensionPE
and Grounded ExtensionGE are followings.

CE= PE= GE= {A1,A2,A4}
Therefore, the color ofA1, A2 andA4 is blue, and the color ofA3 is red. Students can
recognize the status of argument by its color, which is useful information needed to
select the next utterance.

When the AF is divided into several modules, the semantics of the higher module is
calculated by semantics of lower modules using RAF theory introduced in 2.3.

3.2.5 Searching Similar Scene
The argumentation server stores old discussion records (argumentation records) in the
Discussion Database. Each discussion record is a sequence of logical formulas as fol-
lowing example. In this example, P1, Q1, R1, S1 and T1 are text data.

Sequence of formula in the discussion database:
...
id201 :P1⇐ Q1 Q1 supports P1
id202 :¬Q1⇐ R1 R1 attacks Q1
id203 :¬R1⇐ S1 S1 attacks R1
id204 :R1⇐ T1 T1 supports R1
...

During discussion, the server recognizes the sequence of arguments and searches
similar sequence in the database. For example, if the latest three arguments of the cur-
rent discussion areid105, id106 andid107 as follows, and ifP1 andP2, Q1 andQ2,
R1 andR2, andS1 andS2 are similar texts, then the argumentation server judges that
the sequence fromid201 andid203 is similar to the sequence fromid105 and 107.
Similarity between two texts are measured by the number of common key words.

Sequence of formula of current discussion:
...
id105 :P2⇐ Q2
id106 :¬Q2⇐ R2
id107 :¬R2⇐ S2

When a student considers the next utterance asid108, by referring toid204, he (she)
may make a proper argument.
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3.3 Example

To show the effectiveness ofthis argumentation support tool, we compared the usual
face-to-face discussion without this tool and the discussion using this tool. The subject
of discussion is “The expenses of the university should be free or not.” Before the ex-
periment, students are passed several documents concerning expenses of the university
and they are given time to read and consider the discussion strategy.

Fig. 7 and Fig. 8 are Argumentation Diagram (AD) and Argumentation Framework
(AF) of face-to-face discussion without the support tool. Fig. 9 and Fig. 10 are AD and
AF of discussion using this support tool. By comparing Fig. 8 and Fig. 10, the discus-
sion using this tool tends to go to deeper level. Also Fig.11 which is the comparison of
depth of each argument shows the same result.

Fig. 7.Argument Diagram (without Tool)

4 Conclusion

We introducedan argumentation support tool based on the theory of AF and RAF.
This tool helps users by supplying the environment for on-line discussion, by visual-
izing logical structure of arguments, by calculating semantics and by searching similar
scene in old records. The information of semantics and similar scene in the discussion
database helps students to grasp the situation of ongoing discussion and to select the
next argument. These informations correspond to a part of advice made by a supervisor.
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Fig. 8.Argumentation Framework (without Tool)l

Fig. 9.Argument Diagram(with Tool)
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Fig. 10.Argumentation Framework (with Tool

Fig. 11.Comparison of Depth of Argument
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