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Linköpings universitet
Patrik Svensson
TDSP
SAAB Aerosystems AB

Examiner: Professor Patrick Doherty
Dept. of Computer and Information Science
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Abstract

This thesis investigates the possibilities to extend a tactical air combat
simulator, named TACSI, with support for team behavior in fight and at-
tack scenarios. A model for describing teamwork has been developed. The
model uses plans and primitive team actions to achieve goals. A social
structure is used to transfer the responsibility for making decisions from
the team to a single agent within the team. Special care have been taken to
allow an e!ective distribution of targets within the team. In order to test
the concepts of the model and to evaluate the applicability in TACSI, a
limited implementation of the team behavior model have been made. The
results show that the concepts of the model works and that the model is
applicable in TACSI, but some things is left to be specified in order to make
a complete implementation.
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Glossary

Attack aircraft Aircraft equipped with air-to-ground weapons.
CD CommanD Team, a special operative member of a team.
CGF Computer Generated Force, a force which behavior is

being controlled by a computer.
CT ConTrol Team, a special operative member of the

command team.
Escort aircraft Aircraft equipped with air-to-air weapons.

Used to escort attack aircrafts in attack missions.
Fight aircraft Aircraft equipped with air-to-air weapons.
PTA Primitive Team Action, an action that can be executed

by a team.
TACSI TACtical SImulation, a tactical simulator

developed at SAAB Aerosystems AB.
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Chapter 1

Introduction

Simulation in the domain of military air combat is an important subject,
among the many uses are:

• Analysis and evaluation of air combat scenarios.

• Training of human pilots.

• Testing new aircrafts and weapon systems.

Simulation in this domain consists of a great number of problems.
Among these problems are the dynamics models for aircrafts and projec-
tiles, and sensor models such as radars and infrared trackers. But one of
the most challenging problems is the simulation of the aircraft pilots be-
havior. This study concerns this problem, or more specific, the problem
when a group of aircraft pilots should act as a team.

1.1 Background and motivation

SAAB Aerosystems AB has developed simulators spanning a vast range of
domains and platforms. Among them is a simulator named TACSI, used
mainly to simulate warfare scenarios where military aircrafts play a large
role. Although TACSI have a highly developed system for describing and
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simulating individual behavior of the agents, there is limited support for
the agents to act as a team. In [1] the authors suggests an enhancement to
TACSI, where the agents have a unified list of targets. This unified target
list is the union of all agents individual target lists. The individual agents
can then pick targets from the unified target list with respect to the other
agents’ target choices. This can be seen as a primitive team behavior, since
the agents can select targets that maximizes the combined utility of all
agents.

We where asked by SAAB Aerosystems AB to investigate the possi-
bilities to extend TACSI with more advanced team behavior in fight and
attack scenarios. SAAB wanted a model where a user can describe goals for
the team to achieve. A typical scenario that was desired to be describable
in the model is: A team of aircrafts fly in formation to a waypoint. At
the waypoint the team eliminates a group of enemy aircrafts. When the
enemies are eliminated the team flies in formation back to the home base,
specified by another waypoint. This scenario can be seen as a sequence of
three goals:
goal (!, fly in formation to (waypoint1))
goal (!, eliminate ("))
goal (!, fly in formation to (waypoint2))

Where ! is the team, " is the enemy group and fly in formation to and
eliminate are actions that the team performs.

Apart from being able to describe goals for the team to achieve, SAAB
wanted to be able to describe how to achieve the goals, i.e. describe how
the team should perform actions, such as eliminate.

More specific features where discussed as well. The main features that
appeared to be most important was the ability to do an e!ective target
distribution within the team, and to restructure the team to cope with
aircraft losses within the team.

1.2 Problem description

From the rather loose specification of what SAAB wanted to express with
the model we managed to identify three main problems:
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1. How should the team be able to cooperate?

2. How should the team be represented?

3. What functionality need to be added or modified in TACSI to imple-
ment the model?

The first two problems may seem much alike, but we will distinguish them
by letting the first problem concern issues such as:

• How should shared knowledge be handled? To what degree is shared
knowledge needed?

• How should common goals and commitments be handled?

The second problem will concern issues such as:

• Who is in charge? Should the decisions be made in a centralized or
distributed manner?

• How should sequences of actions be represented and handled?

• Who will do what? How should tasks be distributed within the team?

• How should the team fulfill its commitments?

In Figure 1.1a a rough overview of how the individual agents’ behavior
works in TACSI today is given. All agents have an individual behavior and
a knowledge database. The agents interact with the environment according
to their individual behavior and can make decisions based on the knowledge
they have. The behavior is controlled by a set of state machines which
changes states based on the knowledge the agent has.

Our aim is to extend this individual behavior to support team behavior,
as shown in Figure 1.1b. The team behavior should, based on shared
knowledge1, control the agents’ individual behavior so that the agents act
as a team.

1Since only agents can have knowledge, the shared knowledge reside in the knowledge
database of every agent that have that knowledge. Shared knowledge is obtained via
communication. In the figure the shared knowledge is drawn as a single knowledge
database for simplicity.
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Individual behavior Individual behavior Individual behavior. . .

The environment

Knowledge Knowledge Knowledge

Individual behavior Individual behavior Individual behavior. . .

The environment

Knowledge Knowledge Knowledge

Shared knowledge (goals, plans, actions, state of the team, etc.)

Communication

Team behavior Team behavior Team behavior. . .

a.

b.

Figure 1.1: Behavior simulation in TACSI

If we reflect Figure 1.1b to the main problems, the “Communication”
and “Shared knowledge” blocks roughly corresponds to the first problem
(team cooperation). The“Team behavior”block roughly corresponds to the
second problem (team representation). While the implementation of the
“Communication”, “Shared knowledge” and “Team behavior” blocks, and
the modification needed to the “Individual behavior” block corresponds to
the third problem.
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1.3 Methods

The methods used during the course of this study consists of:

• A study of the TACSI simulator, in order to get an understanding of
how TACSI works and what possibilities and limitations that exists.

• A thorough literature study to get insight in the subject and to find
related work and interesting teamwork models. The applicability of
the models found have been evaluated in order to get a solid founda-
tion for our team behavior model.

• The development of a team behavior model by combining and modi-
fying models found during the literature study, together with develop-
ment of algorithms and functions based on known methods, intuition
and empirical testing.

• A limited implementation of the team behavior model in TACSI to
test how the basic concepts of the model works in TACSI. The im-
plemented model have been evaluated by testing it in a number of
scenarios. The algorithms and functions developed have been evalu-
ated in MATLAB to assure their correctness.

1.4 Dissertation outline

Following this introduction chapter the reader will be introduced to the
TACSI simulator in chapter 2. The TACSI introduction consists of the
basic concepts of the simulator, along with information of how individual
behavior is modeled in TACSI. Chapter 3 and chapter 4 is devoted to team
cooperation and team representation, respectively. These chapters summa-
rizes models that we found interesting and in the end of each chapter the
use of the models are evaluated. In chapter 5 the team behavior model
that we have developed is be presented. Solutions and simplifications are
motivated and possible alternative solutions are discussed. Solutions to
the more specific features, such as target distribution, are presented as
well. Chapter 6 gives recommendations on how the team behavior model
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can be integrated in TACSI and our implementation of the model is pre-
sented. Chapter 7 presents in-depth information about the algorithms and
functions developed for the team behavior model. In chapter 8 the test
scenarios are presented along with the results obtained and our conclusions
drawn from the results. Finally, chapter 9 gives a general conclusion of the
team behavior model as a whole by pointing out strengths and weaknesses
and by presenting possible future improvements.

1.5 Related work

There have been much research in the area of simulated air combat, e!ort
has been made to develop agent architectures such as TacAir-Soar [2] [3].
The work of TacAir-Soar involves the University of Michigan, University of
Southern California’s Information Sciences Institute, and Carnegie Mellon
University. Models for teamwork have also been made based on TacAir-
Soar [4]. An other architecture that describe how agents can collaborate
in the domain of simulated air combat is SWARMM [5] [6], developed at
Air Operations Division, Aeronautical and Maritime Research Laboratory,
DSTO, Department of Defence Melbourne, Victoria, Australia.

At University of Southern California, Milind Tambe is developing
STEAM [7], a more general model for describing teamwork. Another in-
teresting model develop by Anand Rao, Andrew Lucas, David Morley can
be found in [8]. Regarding TACSI, we mentioned earlier that an attempt
to has been made to introduce teamwork, in that work the focus was in
situational analysis and target distribution without communication.
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Chapter 2

Introduction to TACSI

TACSI, short for TACtical SImulation, is a completely deterministic sim-
ulator developed at SAAB Aerosystems AB. The main purpose of TACSI
is to simulate warfare scenarios where military aircrafts play a large role.
TACSI is HLA1 [9] compliant. This feature allows TACSI to run distributed
on multiple computers over a network, and also allows TACSI to partic-
ipate in simulations together with other HLA compatible simulators. To
be able to develop scenarios without the need of big visualization systems,
a simple scenario playback utility, called “TACSI Micro IOS” (see Figure
2.1), is used. A scenario in TACSI basically consists of:

• The environment where the simulation takes place. Often a map with
terrain information.

• Entities located inside the environment. Among the possible entities
are: Aircrafts, houses, cars, tanks, bridges, etc.

• Components attached to the entities. A component can be a physical
object placed on the entity, e.g. a wheel on a car, or it can be an
property of the entity, e.g. the dynamics model of an aircraft.

When a scenario is loaded all entities are created together with their compo-
nents. The components then register themselves to the TACSI simulation

1HLA stands for High Level Architecture and is a protocol for distributed simulation



kernel. During the registration the components tells the kernel how fre-
quently they want to recalculate their internal attributes, and during the
simulation the kernel will tell the components when it is time to recalculate
those attributes. All interactions between entities and the world are made
through the components. An entity without any components will be a
non-a!ectable object present in the world. For example, an entity without
a dynamics model component can be placed in mid air, and stay station-
ary in mid air, since gravity is handled by a dynamics component. The
behavior of an entity is controlled by a rulehandler component. The rule-
handler relies on a set of state machines running in parallel which models
the entity’s behavior. These state machines are fully user-definable, which
makes it possible for a user to model the entity’s behavior. The behavior
is modeled in a graphical utility called “TACSI Tactic Editor”(see Figure
2.2). The user can create any number of state machines which models the
di!erent aspects of the entity’s behavior. For example: an aircraft might
have one for guidance and one for target selection. For each state in a state
machine there is a set of user definable preconditions and conclusions (see
Figure 2.3). A conclusion is executed if all its preconditions are evaluated
to true. A conclusion can for example change to another state in a state
machine or fire missiles. A simple set of preconditions and conclusions for
firing a missile at a target might look like this:

• Precondition: “I have a target”

• Precondition: “Distance to target < 2500 m”

• Conclusion: “Fire missile at target”

TACSI have a rich set of preconditions and conclusions, which allows the
user to model complex individual behavior.

Even though the agents have limited possibilities to act as a team,
TACSI provides two ways of exchanging information between agents. The
first way is a datalink with the following properties:

• A grouplink2 with limited range between aircrafts is available.

2The grouplink is a datalink used for sending tactical information between units
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• Information is sent continuously via the datalink without influence
by the agents.

• The information obtained (and sent) via the grouplink is information
about other aircrafts connected to the same grouplink, such as the
aircrafts’ position, armament and fuel amount. Target information
obtained via the aircrafts’ radar are exchanged over the grouplink as
well.

• Target information from the aircrafts’ own radar and target informa-
tion obtained via the grouplink is fusioned ideally by TACSI.

• The datalink is invulnerable to jamming.

The second way is a radiolink for message passing with the following
properties:

• Messages are not guaranteed to arrive.

• Messages that do arrive will not be corrupt.

• Messages that do not arrive as expected can not arrive at a later time,
i.e. messages that are lost are lost forever.

• Messages will arrive in the order they where sent.



Figure 2.1: TACSI Micro IOS.



11

Figure 2.2: A state machine for aircraft guidance.



Figure 2.3: A set of preconditions and conclusions.



13

Chapter 3

Team cooperation

3.1 Models for cooperation within a team

To get reliable teamwork we need a model which handles the cooperation
within a team, which is among the sub-teams and the individual agents
of a team. The problem to be solved by the model is to make sure that
the sub-teams do not interfere with each others execution, instead they
should help each other if possible. To make sure that the teams do not
interfere with each other there need to be some knowledge of the other
teams. This could be done with communication, explicit synchronization
or some form of implicit synchronization such as event tracking [10]. A good
model should be able to keep the communication and synchronization at a
minimum. For example: Two aircrafts are assigned to fly to two di!erent
way-points, one for each aircraft. If the two paths for reaching the way-
points intersect, we have a potential risk of a collision. The agents piloting
the aircrafts need to make sure that a collision is avoided. This can be done
by, for example, that one of the agent communicate to the other agent that
he will fly her aircraft, say 500 feet above the other agent’s aircraft. The
other agent communicates that she agree and understand, and all is well.

During our literature study we found two models of interest, unfortu-
nately we did not find much material regarding one of them. We will give
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a short summary of the models followed by an evaluation of the models.

3.2 Joint Intentions

To enforce a cooperation that allows the agents to behave and reason as a
team, the agents and teams must have knowledge about the other teams. A
way to achieve this is described in “Joint Intentions” [11]. This model has
been widely used in the area of teamwork, a few examples can be found in
[4] [7]. In this section all quotes are actual quotes from the original article.

An agent has beliefs about the world she is acting in. This knowledge
includes the state of the world and the state of the other agents. Each
task that an agent or team is about to execute is specified by a individual
commitment i.e a task is executed for achieving a certain goal. When
executing a task it must be determined how to achieve the goal. This is
specified by an individual intention. An intention specifies what to do in
order to reach or move further to the goal. When describing the state
of a team, mutual belief, joint commitment and joint intention, are used.
These constructs extends the attitude of an agent to the attitude of the
team. Although the team has a given attitude an agent in that team has
its own attitudes as well. For further exploring of this model some primitive
elements are needed:

• Events: An event describes a changing of the world the agent acts
in. An event could be nearly anything, although the type of events
that need to be handled depends on the domain of the the agents
performs in.

• Belief: A belief of an agent is knowledge she is sure of. In the beliefs
of an agent there can not be any contradictions. As with events the
agent only need to have beliefs relevant to the current domain.

• Goal: A goal is a proposition in the world that the agent desires to be
true. As with beliefs di!erent goals of an agent must not contradict
each other. A proposition may not be able to come true and an agent
must be able to accept what can not be changed. In the case an agent
has a certain belief that something is false but has a goal to make it
true later, the agent is said to have an achievement goal.
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• Mutual belief: A mutual belief is a belief about the other agents
in the team. Its defined as the infinite conjunction of beliefs about
other agents’ beliefs about other agents’ beliefs and so on.

During an execution these elements are used by agents or teams when
reasoning about the other agents or teams.

3.2.1 Individual commitment

Upon the primitive elements of the world more elements can be introduced.
An agent that perform in a world often have some obligations relative to
some conditions or other agents. How the agent behaves to achieve these
obligations should be specified to get an execution that does not confuse
the agent. To cope with this problem an agent can have an individual
commitment called a persistent goal:

An agent has a persistent goal relative to q to achieve p i!:

1. She believe p is currently false;

2. She wants p to be true eventually;

3. It is true (and she knows it) that (2) will continue to hold
until she comes to believe either p is true, or it will never
be true, or q is false.

Once an agent has adopted an individual commitment she can not freely
drop it in favor for another individual commitment unless specific condi-
tions occur, hence she will keep the goal in presence of errors and uncer-
tainties. When an agent adopts an individual commitment it must not be
inconsistent with other commitments adopted. The proposition q is called
an “escape” or “irrelevance” clause. When an agent comes to believe that
q is false she can drop the goal. As an example of a “escape” clause, con-
sider an agent committed to achieve a persistent goal g1. To achieve g1 she
adopts another persistent goal g2, which is a sub-goal in order to achieve
g1. The “escape” clause, q2, for g2 should evaluate to false if g1 is dropped
and hence g2 is dropped.
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3.2.2 Individual intention

For an agent an individual commitment only specifies what the agent want
to achieve, not how to achieve it. How to achieve a goal is specified by an
individual intention. After an agent has made an individual commitment
to achieve a goal she chooses an action and forms an individual intention to
execute that action. With all this said, an individual intention is specified
as:

An agent intends relative some condition to do an action in
case she has a persistent goal (relative to that condition) of
having done the action and, moreover, having done it, believing
throughout that she is doing it.

What this says is that an action performed by an agent relative her per-
sistent goal should bring her closer towards the goal. The completion of
the action should satisfy a sub-goal of her goal and hence she has a goal of
having done the action to be able to fulfill her goal. An individual inten-
tion also stipulates the mental state of the agent during her execution. She
knows during the execution of the action that she is executing the action.
As well as with commitments the intentions must not be inconsistent with
the beliefs of the agent. Also the intention inherits the properties that
emerges from the interaction of the beliefs and the intention.

If an agent faces a conditional statement during an execution and in-
tends to execute one of multiple actions, provided that the intention is not
dropped, the agent will have to come to a belief about the value of the
condition to be able to continue.

For more clarification consider this example. Inside a building there is
a group of important people that the enemy are to eliminate by an air-to-
ground attack. To prevent this an aircraft (the agent) is ordered to engage
the incoming aircrafts. The agent then commits to a persistent goal, g,
relative to that the people are in the building, to eliminate the threat. The
relevance, q, for this goal is that there still are people in the building, i.e if
the people have been evacuated q is false and the goal g can be dropped.
To achieve the goal the agent commits to either g1 or g2. The goal of g1 is
to eliminate the threat by eliminating the attacking aircrafts. The goal of
g2 is to eliminate the threat by intercepting the attacking aircrafts. Both



17

these goal are relevant to that the agent has g as a persistent goal. The
agent then chooses one action, say g1, and forms an intention to do it, i.e
she commits to doing g1 knowingly. The intention should be dropped if she
comes to believe that she has achieved g without realizing it.

Consider the case where she chooses to eliminate the threat by attack.
If the attacking aircrafts chooses to retreat, the threat is eliminated and
hence g is achieved, but g1 is not, so her intention to eliminate the attacking
aircrafts is dropped. If the building is evacuated during her action to
eliminate the threat, her commitment to achieve g is dropped as well as
the intention.

3.2.3 Joint commitment

The concept of individual commitment need to be extended to be able to
hold the attitudes of a team. The team is supposed to act like a single
agent although it has a more complicated internal structure. There is a
greater challenge in this problem since an agent can come to a belief that
is not known to the rest of the team. The agent then must communicate
this belief to the team so the joint attitudes are held. Consider the case
where an agent come to believe that the joint goal is unachievable, the team
need to give up the goal but does not know enough to do so. There is now
no mutual belief that the goal is achievable, so the agent that discovered
that it was impossible to achieve the goal must communicate this belief to
the team, actually the agent should be left with a goal to make this belief
known to the rest of the team. This enforces an agreement to be held even
if there is uncertainties about the state of the other team members.

A team that has a joint commitment should also have a mutual belief
about the goal, and the team must be able to behave consistently during
transient inconsistencies of these beliefs. An agent that privately come to
a belief that is not mutually known by the team must communicate this to
the team. A weak achievement goal specifies how this should be done.

An agent has a weak achievement goal relative to q and with
respect to a team to bring about p if either of these conditions
hold:

• The agent has a normal achievement goal to bring about
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p, i.e the agent does not yet believe that p is true and has
p eventually being true as a goal.

• The agent believes that p is true, will never be true or is
irrelevant (that is, q is false), but has as a goal that the
status of p should be mutually believed by all the team
members.

This weak achievement goal have four cases, namely:

1. The agent has a real goal.

2. The agent thinks that p is true and wants to make a mutual belief
that p is true.1

3. The agent thinks that p is false and wants to make a mutual belief
that p is false.

4. The agent thinks that q is false and wants to make a mutual belief
that q if false

To describe a property for a team similar to an agents persistent goal
the concept of weak achievement is used. A team of agents has a joint
persistent goal relative to q to achieve p just in case:

1. the team mutually believe that p is currently false;

2. the team mutually believe that all members want p to eventually be
true;

3. it is true, and mutually known, that until they come to mutually
believe either that p is true, that p will never be true, or that q is
false, they will continue to mutually believe that they each have p as
a weak achievement goal relative to q and with respect to the team.

If a team is jointly committed to achieve p then they initially believe that
they each have p as an achievement goal. As the time passes an agent
can not conclude that the other members still have p as an achievement

1If the value of p is transient, it should be made a mutual belief as well
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goal, only that they have it as a weak achievement goal. This is because
the mutual beliefs about the value of p may not be held. An agent may
privately have come to a belief about p, e.g. that the goal is finished (true,
impossible or irrelevant) and is currently in the process of making this
beliefs mutual in the team.

A team that only consists of one member has a joint persistent goal i!
that agent has an individual persistent goal. This is because the agent has
a weak goal that persists until she believes it to be true or impossible, and
hence she has an individual persistent goal. If a team has a joint persistent
goal to achieve p then each member has an individual persistent goal to
achieve p, or in another way, every sub-team is jointly committed to achieve
p.

When a team is committed to do some collective action the individual
agents are committed to the entire action being done. The action includes
all the individual agents’ actions and hence every agent is committed to
every agent’s individual action that comprise the collective action. This
immediately concludes that an agent will not interfere with another agent’s
action. Instead they will help each other if required.

3.2.4 Joint intention

Individual intention is defined to be a commitment to having done an action
knowingly, joint intention is a joint commitment of the agents having done
a collective action knowingly with a joint mental state. Formally: a team of
agents has a joint intention relative some condition, to do an action i! the
members have a joint persistent goal relative to that condition of having
done the action, and having done it mutually believing throughout that
they were doing it.

Joint intention is a property of a group of agents, but when an action
is to be carried out it is the individual agents that executes the action.
As joint commitments leads to individual commitments, there is a similar
property of joint intentions.

If a team jointly intends to do an action, and one member be-
lieves that she is the only agent of that action, then she privately
intends to do the action.
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This is because joint commitments entail individual commitments and mu-
tual beliefs entails individual beliefs. It is important to notice that she must
believe that she is the only agent of the action since an agent must not in-
tend to perform another agent’s actions, although she can be committed
to them. Another property of an individual agent is:

An individual agent who intends to perform actions a and b
concurrently intends to perform a (respectively b) relative to
the broader intention.

That is, if the agent come to believe that it is impossible to perform a
(relative to performing both parts) she might not want to perform b. For
joint intentions the following holds:

If a team jointly intends to do a complex action consisting of the
team members concurrently doing individuals actions, then the
team members will privately intend to do their share relative to
the joint intention.

That is, in a team that jointly intends to do a concurrent action, all agents
individually intends to do their share as long as the joint intention is held,
i.e the individual intentions persists as long as the joint intention. The
joint commitment is held until the goal is fulfilled or some agent discovers
that some agent can not do her share. As with joint persistent goals,
if an agent discovers privately that the joint intention is terminated, the
agent is committed to attain mutual belief of the termination conditions.
Throughout the concurrent action the agents must mutually believe that
they are performing it together. That is, while executing their individual
action they believe that they are performing the group action together.

As an example of how joint intentions entails individual intentions con-
sider this scenario: a team # with structure (#1,#2) where #1 and #2 are
agents, is ordered to eliminate a set of enemies. The team # jointly com-
mits the persistent goal of having the enemies eliminated and then chooses
an action to execute. When the action to execute is chosen the team is
ready to form a joint intention for executing the action. We can assume
that as a part of the action there is some target distribution so that #1 and
#2 each has a set (a subset of the original set) of targets. The agents #1
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and #2 will now privately intend to do their share of the action, which is
to eliminate their set of enemies, relative to their joint intention.

Handling sequential actions are a little more problematic. First, con-
sider the case where only one agent is involved in the action. The agent
has an intention to do the action but may not intend to do e.g. the first
step in the sequence. It could be the case that she performs the first step,
continues with, say the second, without knowing when the first step was
finished and thus not know she is doing the second step. In other words
the agent can execute an action knowingly without knowingly executing
the sub-actions. To get a more deterministic behavior the agent needs to
believe after each step both that the step was just done and that she is
doing the remainder. This is called stepwise execution. To accomplish this,
each step in a stepwise execution needs to be a contextual action, i.e. it
must be performed in a context where the agent has certain beliefs. This
leads to the following property:

If an agent intends to do a sequential action in a stepwise fash-
ion, the agent also intends to do each of the steps, relative to
the larger intention.

To execute a joint sequential action in a stepwise fashion there needs to be
an attainment of mutual belief after each step that had been accomplished.
This would be quite an overhead for the team. Instead an agent must be
able to contribute privately to a sequence when it is compatible with the
performance of the overall activity. For this to hold there need not to be a
mutual belief that each step has just been done successfully, only when an
agents private performance is applicable. This is summarized below:

If a team jointly intends to do a sequential action, then the
agent of any part will intend to do that part relative to the
larger intention, provided that she will always know when the
antecedent part is over, when she is doing her share, and when
she has done it.

Another property of stepwise execution is the following:

If a team intends to do a sequence of actions in a joint stepwise
fashion, the agents of any of the steps will jointly intend to do
the step relative to the larger intention.
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That is, after each step in the execution the agents will have a mutual belief
that the step was finished successfully.

3.3 SharedPlans

During our literature study several articles we read referred to the concept
of SharedPlans. Unfortunately we did only find one article [12] devoted to
the model, but that article did not describe the model very well so we have
chosen to omit it in our report. We want to point out that it might be of
interest to familiarize one self with it, possible for future enhancement. For
an example of a model that uses the SharedPlan theory refer to [7].

3.4 Evaluation of Joint Intentions

Joint Intention describes a model for a group of agent to collaborate, that
is, the group could be seen as a single item and not as a group of agents.
Inside the group there need to be a joint mental state. This leads to a
need for communication, both inter-team and intra-team, which in some
applications could be unpleasant, although for our work communication is
acceptable. A discussion of the cost of communication in teamwork can be
found in [13].

Keeping the joint mental state could be a problem, one must consider
what information that need to be mutually believed. A problem with the
model is that it is purely theoretical and in order to make it practically
applicable there need to be some limitations. One is the possible-world
problem with logic omni-science for a mutual belief among the team. In an
application there can not be an infinite conjunction of beliefs. Instead one
must determine a adequate condition when the agents know“enough”about
the other agents. The concept of joint commitments enables the team to
be robust against unforeseen events or uncertainties in the team, thus the
team’s joint commitment is not dissolved because some agent is uncertain
about the state of the team. Also, all knowledge is redundant, in the case
that some agent is lost, no knowledge is gone (unless she recently had come
to a belief and was in the progress of making the new belief a mutual belief)
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and hence the team could continue as before (although, possible with some
decreased performance). In a real world a problem often consist of di!erent
sub-problems and this model can capture that structure. In the dynamic
domain of CGF this helps in keeping a coherent state of the team. In the
case where a new agent gets involved in the commitment this new agent
need to know the current commitments of the team, since this is a mutual
belief any agent could share that knowledge to the new agent. Regarding
the execution of an action, the joint intention of a team enforces that agents
does not interfere with each others execution. The agent might not need to
know which agent is doing which action, but she knows what action she is
doing and will not perform any step in another action or execute any step
that might prevent another action to be successful. In a scenario where
aircrafts engage other aircrafts this property is desirable, e.g. to prevent
an aircraft from flying between an aircraft and its target. Joint intentions
also gives an explicit representation of the activity of a team. As a whole
this models describes a robust team model that is persistent to dynamic
changes in the world and team structure.
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Chapter 4

Team representation

4.1 Models for team representation

To represent a team, many aspects must be taken into account. Structural
properties, such as command of the team, which members the team consists
of and how the members form the team must be answered. A model that
describes the representation of a team should also describe their internal
relationships, such as a sub-team’s responsibilities relative the team it is
a member of, such information is very important when creating teams.
And to be able to achieve anything the team must be able to represent
the state of the world it perform in, and the goals that the team want to
achieve, and of course, how the team should act in order to achieve its goals.
During execution it might be important to e"ciently be able to conclude
the functional capabilities of a team in order to decide which team to assign
some task, so an explicit typing of an agent’s skill is often considered useful.

We have found three articles describing three di!erent models for team
representation which we will present here, each in an own section, entitled
with the report in which they appear in.
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4.2 Planned Team Activity

In the report “Planned Team Activity” [14] the authors describes an object
language for representation of plans, teams of agents, external worlds and
agents own beliefs and goals. We will here give a short description of the
expressiveness of this language. The most fundamental entity is the team
itself which is described recursively as follows:

• an individual agent a ! A is a team;

• a team variable # is a team;

• if !1, . . . , !n are teams, then {!1, . . . , !n} is an unordered team, and
!1, . . . , !n are its members;

• if !1, . . . , !n are teams, then (!1, . . . , !n) is an ordered team, and
!1, . . . , !n are its members;

The individual agents of a team is called participants, which is the set of
whom is given by the function participants(!). A special type of team is
a ground team which is a team where all of its participants are instances,
i.e. not variables. We can thus create a team {#, (b, c,d)} which is an
unordered team with two members. The first member is a variable and the
second an ordered ground team.

To handle possible sequences of actions by agents a plan structure or
plan is used. An agent a has a predetermined set of plans called plan
library. The intersection of the plan libraries of all the agents in a team
forms the plan library for that team. As with plans, an agent also has a
library of action the agent can execute, these actions are called primitive
team actions.

Since there is no centralized knowledge all agents must monitor the
execution and hence know all plans that the team can execute. How a plan
is to be carried out is specified in the body of the plan, which is represented
by a plan graph. A plan graph is a rooted DAG (Directed, Acyclic Graph)
where each edge is labeled with a simple plan expression. A simple plan
expression is defined as:
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• if f is a primitive action and ! a team, then " (!, f) is a simple plan
expression where “*” denotes the performance of a primitive action
by a team. This is also called a primitive plan expression.

• if $ is a state formula and ! a team, then !(!,$) and ?(!,$) are
simple plan expressions. Here “!” specifies achievement of a certain
state formula (i.e. execute another plan) and “?” specify testing for
a certain state formula.

An arbitrary simple plan expression is denoted by op(!,%) where ! is the
acting team and % is a primitive team action or a state formula, the meaning
of a state formula will be described later in this section. A simple plan
formula is of the form do(op(!,$)) or done(op(!,$)). The predicate do
indicates an execution of a plan and done indicate past execution.

The language used by agents to describe a state of the world is a first
order language with predicate, function and constant symbols. For mutual
beliefs, joint goals and joint intentions modal operators are needed. They
are named MBEL, JGOAL and JINTEND. These are attitudes held by the
team and reasoned about by the agents. A state formula is used to describe
a state of the world. If ! is a team, $ is a first-order formula, & is a simple
plan formula and ' is a primitive action or plan name then:

• $ is a state formula;

• MBEL(!,$) is a state formula (belief formula);

• JGOAL(!,&) is a state formula (goal formula);

• JINTENT(!,') is a state formula (intention formula);

• if $1 and $2 are state formulae and x is a first-order variable then
$1 # $2,¬$1 and $x$1 are state formulae.

The semantics of these attitudes are:

• MBEL(a,$) % BEL(a,$)

• JGOAL(a,&) % GOAL(a,&)

• JINTEND(a,') % INTENT(a,')
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• MBEL((!1, . . . , !n),$) %!n
i=1(MBEL(!i,$) & MBEL(!i, MBEL((!1, . . . , !n),$)))

• JGOAL((!1, . . . , !n),&) %!n
i=1(JGOAL(!i,&) & MBEL(!i, JGOAL((!1, . . . , !n),&)))

• JINTEND((!1, . . . , !n),') %!n
i=1(JINTEND(!i,') & MBEL(!i, JINTEND((!1, . . . , !n),')))

In the plan graph that specifies the sequence of actions that needs to
be executed in order to achieve the goal, the di!erent nodes have di!erent
meaning. The di!erent nodes and their semantics are:

• an OR node - which has one or more edges emerging from it;

• an AND node - which has two or more edges emerging from it, an AND
node is denoted by an arc connecting the arcs emerging from it;

• an END node - which has no edges emerging from it.

The root of the graph is the START node and may be of any of the above
types. More formally a plan structure or a plan is a 4-tuple
'p,$purpose,$precondition, (body( where p is the name of the plan, $purpose

is a goal formula JGOAL(!, done (op (!,%))), $precondition is a state formula
describing when applicable and (body is a plan graph. In the plan graph
an OR node denotes a non-deterministic choice of actions, AND node a set
of actions which must occur but in no specific order. A plan is successfully
executed if it is executed from the START node to an END node. If the
execution of all emerging arcs from an OR node has failed then the plan
execution has failed, likewise if execution of at least one arc emerging from
an AND node fails, the execution of the plan fails. The execution of a plan is
done by a joint traversal of the plan with a joint mental state of the team,
which is that the result of each execution (completion or failure) specified
by an edge must be mutually known to the team.

To synchronize the execution and completion of the simple plan expres-
sions every edge is transformed during runtime to a slightly more complex
structure. The transformation is made by all members on every edge in the
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Figure 4.1: Edge transformation

graph. An example of how this transformation is done is given in Figure
4.1.

The transformation has two cases, which case is determined by the role
of the team-member doing the transformation. For each edge eij with label
op(!,%) and role # the two cases are:

1. If # occurs in ! (# ) !), replace the edge eij with a graph that
executes the plan expression (op(!,%)) and then broadcasts the result
of the execution.

2. If # does not occur in ! (# *) !), replace the edge with a graph that
waits for the result of the execution, and fails if the execution of the
edge eij fails. The operation for waiting on a message is written as
!(!,$).

As an example of how a plan might look we have created a simple
plan, with plan body in Figure 4.2. The scenario in the example is as
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follows: one attack aircraft, a1, equipped with air-to-ground missiles is
being escorted by two escort-aircrafts, e1 and e2, equipped with air-to-air
missiles. How the identification of the attack and escort aircrafts is done
is not important here and we can assume that this is known a priori the
execution. The attack aircraft mission is to attack a ground target and
the escort aircrafts mission is to protect the attack aircraft (the attack
aircraft and escort aircrafts missions are not modeled in the plan graph).
We also have four defending aircrafts, organized in two teams, d1 and d2.
d1 consists of aircrafts d11 and d12, while d2 consists of d21 and d22. Their
mission is to protect the ground target by eliminating the escort-aircrafts
and, if necessary, eliminate the attack aircraft. The plan graph models the
behavior of the defending aircrafts. Please note that the intention of this
example is to demonstrate the expressiveness of the team model, not to
build a perfect example of an attack-defend scenario. Therefore the plan
graph is simplified and does not cover all possible outcomes.

This model uses roles for specifying functional behavior of members in
a team. If (p,$1,$2, () is a plan then, if op (!,%) appears at an edge in the
plan graph, each distinct variable in ! is a role and roles (p) denotes that
set of roles. When a plan is to be executed, the variables (roles) needs to be
assigned by the actual agents. If a simple plan formula is to be executed,
the variables in that plan needs to be assigned as well. As an example we
consider a team # = {), *}, which are to be assigned a role + = (", ,).
We can choose to assign ) to " and * to , or vice versa. This is due to
the fact that # is an unordered team. If we return to our example, we
have a team ! = {!1, !2}, !1 = (#1,#2) , !2 = (#3,#4) and might assign
{(d1, d2),(d3, d4)} to ! . Because the team (of instances) assigned to ! is
unordered we can not tell whether (d1, d2) will be assigned to !1 or !2 prior
to the execution (and the same goes for (d3, d4), but the same team will
never be assigned to both variables). The variables escort1 and escort2
are also assigned in nondeterministic fashion, but attack1 have only one
possibly assignment, namely the attack aircraft. The purpose (goal) for
this plan is:
JGOAL({!1, !2}, done(!({!1, !2}, eliminateThreat($attack1))))
and precondition: ¬!1 = !2. Above eliminateThreat(#) is a predicate
available in the domain which evaluates to true if the aircraft # is shot
down or is retreating.



31

1

2

4

6

3

5

7

8

!(!1, eliminate($escort1)) !(!2, eliminate($escort2))

!((!1, !2), enterFormation())

!(!12, headForHome())

?(!12, retreated($attack1)) ?(!12,¬retreated($attack1))

!(!12, eliminate($attack1))

!(!12, headForHome())

"1

"2

#1

d1

d2

Figure 4.2: Example of a plan body
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4.3 Guided Team Selection

The model “Guided Team Selection” [15] proposes a simpler way of de-
scribing the representation of a group. Concepts as expert agents and
expert teams are introduced as typed agents and teams. An allocation is
also introduced which is an abstract specification of the teams that one
should consider when choosing a team for a certain goal. An allocation is
described in terms of team types and di!erent requirements on the teams
evaluated run-time. Each agent has a predetermined set of plans as in
“Planned Team Activity”, however, no plan structure is defined. What
characterizes an expert agent is that it has specific goals and actions. An
agent now is handled as an instance of an expert agent.

Formally an expert agent e is a tuple, e = 'g, a(, g ) G and a ) A. Here
G is the set of goals and A is the set of actions. Hierarchically structures
of expert agents is defined by letting an expert agents goals and actions be
the super/subset of another, e.g. if e1 = 'g1, a1(, e2 = 'g2, a2(, g1 ) g2 and
a1 ) a2 then expert agent e2 is also an expert agent e1.

An expert team is an unordered set of expert agents and expert teams.
An expert team also has a goal characteristic that defines the expertise of
the team (the sub-teams can have their own goals that they can achieve).
It is required that an expert team can be hierarchically decomposable.
Formally an expert team t is a tuple 'g, {v1, . . . , vn}(, where g ) G, and
each vi is either an expert agent ei or an expert team ti. Each vi is a sub-
team of t. An abstract expert team is an expert team where a variable is
used instead of the set of sub-teams. If one of the sub-teams is an abstract
expert team then that team is also an abstract expert team.

One important di!erence between expert teams and expert agents is
that expert teams do not have any actions, and expert teams assigns dif-
ferent responsibilities to the sub-teams. The di!erent skills (and plans
available) of an expert team or agent determines the expert type. Al-
though this model does not define any plan structure every goal should
have at least one plan associated with it.

The expertise of expert agents and teams are static and determined at
compile-time. To cope with dynamic events when forming a team more
sophisticated methods are needed. For achieving a goal, di!erent beliefs
have to be satisfied and the expert team or agent that are to achieve that



33

goal need the proper expertise. The concept of allocations enables compo-
sition of teams for di!erent goals at run-time. An allocation l is a 3-tuple
l = 'g, b, v( where g ) G, b ) B and v = e, t or ! . The set B contains
all beliefs and ! is an abstract expert team. The goal, beliefs and expert
agent or team is referred to as relevance, team context and potential team.
The team context specifies the state of the world or the state of the team
etc. that should hold when an allocation should be applied. Multiple al-
locations may share the relevance, team etc. Using the same relevance
for multiple allocations one can specify di!erent teams to be applied in
di!erent situations.

To show how this work an example (same scenario as in earlier subsec-
tion) is given. For this example we create a simple group hierarchy. First
is the wingman expert agent, wingman = 'wg, wa(. The goals a wingman
can achieve is wg = {eliminate aircraft, fly in formation} and the ac-
tions it can perform wa = {launch missile, fly to position, recv order}.
We also want a leader, leader = '+, issue order(,ea wingman. Here ,ea

is defined as: a = 'ag, aa(, b = 'bg, ba(, a ,ea b = 'ag , bg, aa , ba(. As
mentioned earlier this model does not define any plan structure so we
use two allocations to enforce sequential behavior. The first allocation
le = 'eliminate escort, +, {tq, tq}( defines an allocation always applicable
with eliminate escort as its relevance and a potential team {+, {tq, tq}},
where tq = {+, {leader, wingman}}. The second
la = 'eliminate attack, done (eliminate escort) , {tq, tq}( is the allocation
to be applied when the escort aircrafts are eliminated, and has as a goal to
eliminate the attack aircrafts.

4.4 Team-Oriented Programming

The model “Team-Oriented Programming” [16] is based on “Planned Team
Activity”and that model is extended with the concept of a social structure,
which is attached to every team and agent (every agent in a team does
not necessarily have the same social structure). The social structure is
used for specifying di!erent levels of authority and responsibility in the
teams. By using social structures the model allows team creation in both
a centralized and a distributed manner. Since this model relies on theory
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from “Planned Team Activity”, only the augmentations will be described.
A social structure - of a team !! is a tuple, - = 'CD" , CT" ( where CD"

denotes the command team and CT" the control team of !!. The purpose
of the command team is to select which sub-teams that will actually adopt
! ’s goal. The control team is responsible for controlling and coordinate the
execution of the team activities. For a single agent a the extended agent
becomes a"a,a#.

When reasoning about the behavior of a team two major problems
should be addressed, and they are: (i) who should decide the behavior of
the team and the sub-teams, and which behavior to apply; and (ii) how
should the coordinating of the sub-team be done.

In this model the decision making is determined by definition of the
command team and the coordination of the behavior is determined by the
definition of the the control team. By using a command team the common
knowledge held by a team needed for achieving a goal could be centralized
in the command team itself. The control team enables the control and
coordination of the joint plan to be handled more explicit.

A team CD *= +, which could be any sub-team at any level in the
hierachy, defines the command team of ! . The command team is the only
team in ! that adopts the joint goals of the team and its responsibility is to
make sure that these joint goals are achieved. Upon receivment of a goal
CD can choose to delegate the goal to a sub-team, choose a joint plan for
the whole team or choose a joint plan for the command team itself. As
responsible for achieving the joint goals it is also responsible for reporting
any failure of a joint plan and take any actions necessary to recover from
that failure. When choosing what team to delegate the joint goal to, the
command team takes the di!erent skills and other capabilities each sub-
team has in to account. In a team the command team is the only team
that is required to adopt the joint goal and is then allowed to delegate it to
another sub-team. Another type of skill is needed, execution skill, a team
has the execution skills to achieve a goal i!: (i) one of the sub-teams has
the skills to achieve the goal; or (ii) the command team has a joint plan
in its plan library that achieves the goal and for each sub-goals in the plan
there exists a sub-team that have the execution skills to achieve it. The
introduction of a social structure to a team enables the sub-teams to have
di!erent joint goals.
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A team CT ) CD CT *= +, where CD is a command team, is defined as
the control team for ! . As part of the command team the control team
is also involved in delegating the joint goals, but it also has the authority
to cause the sub-teams to adopt the goals by sending them a message
specifying what goal to adopt. The control team derives a control plan from
the original plan. A control plan extends the original plan by transforming
every edge into a new DAG that monitors the result of the excution specified
by that edge. The transformation is done so that for each edge in the
original graph, a new graph is constructed where CT sends a message to
the team that should adopt the sub-goal. CT then waits by executing the
wait operator (!(#,%)) on the result to be sent back. When the execution
is complete and the result is received CT acts accordingly by continuing
with the next plan expression (if the exeuction succeeded) or executing
the failure action (if the execution failed). An example of how an edge is
transformed can be seen in Figure 4.3.

To exercise its authority the control team executes the control plan by
traversing it in the specified direction. The control plan causes the sub-
teams to adopt the sub-goals assigned to them during the role-assignment
in the plan and thus it guides their behavior. It also ensures that the
relative temporal constraints are satisfied.

The formulae in this model is an object language. If !! = {!!1
1 , . . . , !!n

n }
is a team with a social structure - = 'CD, CT(, $ is a first order formula,
& is a simple plan formula and ' is a primitive action or a plan name then:

• $ is a formula in the object language;

• MBEL(!! ,$) is a formula in the object language;

• JGOAL(!! ,&) is a formula in the object language;

• JINTEND(!!,') is a formula in the object language;

• if $1 and $2 are formulae and x is a first-order variable then $1 &$2,
$1 # $2, ¬$1 and $x$1 are formulae in the object language.

The semantics of these attitudes are:

• MBEL(a"a,a#,$) % BEL(a,$)
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• JGOAL(a"a,a#,& % GOAL(a,&)

• JINTEND(a"a,a#,') % INTENT(a,')

• MBEL(!! ,$) %!
"

!i
i $"!(MBEL(!!i

i ,$) & MBEL(!!i
i , MBEL(!! ,$)))

• JGOAL(!! ,&) %!
"

!i
i $CD(JGOAL(!!i

i ,&) & MBEL(!!i
i , JGOAL(!! ,&)))

• JINTEND(!!,') %!
"

!i
i $CD(JINTEND(!!i

i ,') & MBEL(!!i
i , JINTEND(!!,')))

This semantics are very similar to those in “Planned Team Activity”, but
there are some di!erences, only the command team knows about the joint
goal and intention. To model our example scenario in 4.2 with this model
let:

• !!1
1 = {d1

"d1,d1#,d2
"d2,d2#}

• !!2
2 = {d3

"d3,d3#,d4
"d4,d4 #}

• -1 = 'd1,d1(

• -2 = 'd3,d3(

• !! = {!!1
1 , !!2

2 }

• - = 'd1,d1(

We thus create one team !! where d1 is both the command and control
team of ! , i.e the team leader, it is also team leader of the sub-team !1.
The team !! is composed of !!1

1 and !!2
2 which are two two-groups. Each

group has a leader and a wingman.

4.5 Evaluation of models for representing teams

In the introduction of this chapter we mentioned a few qualities of impor-
tance for team representation. In this section we will evaluate the three
models presented with respect to these qualities, which are:
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• How is the structure of the team represented?

• How does the model describe what responsibilities a team or agent
has?

• How is the di!erent skills that an agent possesses represented?

• In what way does the model describe how the agents should act in
order to achieve some action or goal?

• How is the state of the world represented?

4.5.1 Planned Team Activity

This model allows teams to be constructed in a flexible, hierarchical way.
With this kind of functionality the teams found in the real world can be
represented accurately. The state of the world is represented by first order
logic which is a well proven method to represent knowledge. The model
also describes how the joint mental state of the team can be expressed. In
a team there is no commander, and the team need to make all decisions
together. As our domain is real-time combat simulation we want a team
to make the decisions fast, we consider it a drawback.

All individual agents has a library of plans and primitive team actions.
The skills an agent has is expressed as the primitive team actions that the
agent can execute. Primitive team actions allows us to model all the joint
team activities that takes place in the domain of simulated air combat.
This model uses plans to represent the type of actions needed, and in what
order to execute them, to achieve some goal. To represent missions for
a team, plans are a good choice. For all goals a team can achieve the
team has at least one plan in its library. As the plans and primitive team
actions executable by a team is the intersection of the members’ library,
it is easy and e"cient to look up a teams capabilities, which is always a
nice feature in real time simulation. All plans the teams can execute need
to be generated o!-line, i.e. new plans can not be generated at run-time.
However, in a real-time dynamic world it might be computational infeasible
to generate these plans, but still, this is a limitation of the model.

The responsibility of an agent relative its team is determined when
a team executes a plan. As a part of the plan is the roles in the plan.
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The roles in a plan describes the responsibilities an agent can undertake
and they are easily found, as they appear as the edges in the plan graph.
Which agent that should play which role, and hence which responsibilities
to undertake, is determined at run-time, before the team executes the plan.
How to match the teams against the roles in the plan is in general a di"cult
problem.

4.5.2 Guided Team Selection

The model extends the notion of an agent to an expert agent by to each
agent assign a set of actions the agent can execute and a set of goal the agent
can achieve. A team is extended to an expert team where the expertise of
a team is the goal the team can achieve. The typing of an expert team and
agent is then built up hierarchically, as with the structure of a team, which
reflects the real world. The skills of an agent is represented as the action it
can execute, although the model does not describe how the teams should
act in order to achieve the di!erent goals.

To represent the di!erent responsibilities of a team an allocation could
be used. In the potential team one can require a certain team structure,
from which the di!erent responsibilities can be derived. But as stated
earlier, the model does not describe how the team should act to achieve a
goal, so there is no explicit representation of the responsibilities.

There is a few more problem important to our work which the model
does not address. Who is in command of a team? How is the mental state
of the team represented? How is the state of the world represented? These
are to us important questions that needs to be answered.

4.5.3 Team-Oriented Programming

This model is an augmentation of “Planned Team Activity”. By introduc-
ing a social structure to a team the model addresses one very important
problem, who is in charge of the team. With a command and control team
there is an explicit representation of the team who is in charge. For us these
enables a more centralized command structure of a team which eases the
decision making and plan execution. Of course the introduction of com-
mand and control team still allows the team to have a totally distributed
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command structure. Simply let the whole team be the command team.
Another benefit is that it is only the command team that adopts the goal
of a team, which could ease the task of keeping a joint mental state. The
same goes with the synchronization during the plan execution as it is only
the control team that needs complete knowledge of the plan execution.
The use of a the social structure along with the strength of “Planned Team
Activity” makes this model very suitable for our work.



41

Chapter 5

Team behavior model

The model presented here is the result of our work. The model is based
on “Team Oriented Programming”, described in 4.4, and “Joint Intention”,
described in 3.2. Since both of these models are very general and theoretical
we have restricted and simplified them, in order for our model to be less
complicated and more e"cient. Apart from the description of our model
we will discuss alternative solutions and possible future enhancements.

5.1 Functional roles

Typically, a military aircraft can be equipped for three di!erent types of
missions. We will use functional roles to separate which missions an agent
can participate in. That is:

The functional roles that an agent can play is entirely based on
the armament and equipment present on the agent’s aircraft.
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The three missions, and hence functional roles, are:

1. Fight: The purpose is to eliminate enemy aircrafts. Typical arma-
ment is air-to-air missiles.

2. Attack: The purpose is to eliminate stationary targets on the ground
(e.g. buildings) and slow moving targets at sea (e.g. ships). Typical
armament is air-to-ground missiles and bombs.

3. Reconnaissance: The purpose is to gather information about the
geometry of, or objects in, an area. Typical equipment is a recon-
naissance pod.

Only the first two are relevant for our work, therefore our model will only
support fight and attack roles. However, as will be shown in 5.6, the concept
of functional roles will be of minor importance in our model.

5.2 Team representation

The team representation models presented earlier are quite similar, but
a significant di!erence is that “Team Oriented Programming” uses a so-
cial structure. As the teams are operating in a real-time environment the
decisions need to be made in a deterministic1 manner and time. The in-
troduction of a command team (CD) and a control team (CT) transfers the
responsibility for making decisions, from the team itself, to the CD and CT
of the team.

To rule out the possibility for negotiation within CD we will limit CD to
consist of only one agent, and hence that agent will be the only member of
CT. Furthermore we will require the agent to be a member of the team, or a
sub-team to any level to the team, that the agent commands and controls.
Since there is a single agent with the responsibilities of both command and
control it might seem intuitive to see them as a single command-control
agent. However, we will not do this because of two reasons:

1Because TACSI is a deterministic simulator we want the decisions made by the team
to be deterministic as well.
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1. Future extensions. If we combine CD and CT it might be problematic
to remove the limitation of only one agent in CD.

2. Ease of understanding. If we keep CD and CT separated, CD can be
seen as the interface to the team whereas CT only plays a role in the
team.

All teams are ordered, which the creator must bear in mind when cre-
ating both teams and plans. This limitation is discussed more in 5.4.1.

Each team has a library of plans and primitive team action that the
team can execute as a team. This yields an e"cient way to determine if
a team can execute a specific plan or primitive team action. Each team’s
library of plans and PTAs is the intersection of the team members library
of plans and PTAs. The library of plans and PTAs that an agent can par-
ticipate in must be specified. To clarify this, consider the example team in
Figure 5.1. In the example the agents #1 and #2 can execute the plan:
sweep_and_bomb and the PTAs: fly_in_formation and
eliminate_aircrafts. The agents #3 and #4 can execute the plan:
sweep_and_bomb and the PTAs: fly_in_formation and bomb_targets.
The team !1 = (#1,#2) can execute the plan: sweep_and_bomb and the
PTAs: fly_in_formation and eliminate_aircrafts, since it is the in-
tersection of the team members plans and PTAs. The team !2 = (#3,#4)
can execute the plan: sweep_and_bomb and the PTAs: fly_in_formation
and bomb_targets. The team ! = (!1, !2) can execute the plan:
sweep_and_bomb and the PTA: fly_in_formation. The team ! can thus
start to execute the plan sweep_and_bomb in which the agents of ! may fly
in formation to an area where the agents of !1 eliminates enemy aircrafts
and the agents of !2 bombs a number of targets.

5.3 Structure of a plan

We recall that a plan is a 4-tuple consisting of:

• p: the name of the plan;

• $purpose: a goal formula describing the purpose of the plan and the
structure of the team that carries out the plan;
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!1 !2

"1 "2 "3 "4

!

Figure 5.1: Example team.

• $precondition: a state formula that must be true in order to execute
the plan;

• (body: the plan graph that specifies the execution of the plan.

When a user creates a plan all these attributes must be specified. The
formal team specified in the goal formula must be an ordered team, and
only one level of sub-teams is allowed (of the formal team, a team executing
the plan can have an arbitrarily depth of sub-teams). As an example (#,))
is a valid formal team whereas (#, (), *)) is not because the level of sub-
teams is two. The di!erent sub-teams represents the top-level structure
in the team and every plan determines the behavior of these teams. The
reason for limiting the depth of the level of sub-teams is to separate the
behavior of the di!erent roles into their own plans or primitive team actions.
By not specifying the internal behavior2 of the roles in the plan makes it
easier to get an overview of the plan. A plan that does not specify the
internal hierarchy of the sub-teams is also a more general plan and hence
more likely to be reusable for di!erent scenarios. If the behavior of the
di!erent sub-teams must be specified á priori the execution, then that
part of the plan should be lifted out into a new plan and be replaced by

2What actually is specified is which path a team should follow in the plan graph.
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an achievement of a goal, namely the goal that the new plan achieves. In
the case when the team is large, or more precisely, has a deep hierarchical
structure, this might lead to a large set of plans that need to be specified
and maintained (compared to a few larger monolithic ones) but since the
hierarchical structure of military aircrafts teams tends to be quite flat we
do not see this as a problem. Although the given model of plans o!ers
great flexibility of describing team behavior it has a flaw; it is impossible
to model behavior such as:
“while a do b”, since the plan graph can not contain any cycles. If this kind
of behavior is wanted, it must be modeled inside a PTA, since a primitive
team action can have cycles in it3.

5.3.1 The plan graph

As in “Team Oriented Programming” the plan graph is a rooted, directed,
acyclic graph. The plan graph have three types of nodes: AND, OR
and END. A node can be of any of these types and one of the nodes
must be specified to be the root node. In our model we have made the
following limitations to the OR node: An OR node can have one or two
edges emanating from it. If the node has two edges the edges must contain
conditional statements. Furthermore the conditional statements must be
negations of each other, i.e. we have a condition that forces the execution
in one of the two paths. If the node has only one edge it must contain
the execution of an action. For sequential execution, the plan is built
with consecutive OR nodes with only one edge emanating from each node.
There are two types of edges:

1. Execution of an action. Where the action is either a plan or a PTA.
Along with the action, the formal team that should execute the action
and formal variables needed by the action must be specified.

2. Conditional statement. A conditional statement can be a predicate
present in the environment, e.g. “I have missiles left”. It can also
be a question whether an edge has been executed successfully, i.e.

3One might reconsider the reason of not allowing cycles in the plan graph as they
are allowed in the primitive team action and the main reason (which is to guarantee an
plan execution in finite time) for not allowing them in the plan graph is voided.
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done(EdgeName). This leads to a need of naming edges that is re-
ferred to in conditional statements. Other edges can be left unnamed.

5.4 Handling orders

As a team, to be able to execute a plan the team must adopt a goal. A goal
may be sent to the team as an order (see Figure 5.2) and CD determines
whether the order should be handled by the team itself or by a sub-team.
If the order was aimed for a sub-team the order is sent to the sub-team,
otherwise CD determines if the goal specified by the order is achievable by
the team. If the goal is unachievable, e.g. a ground attack mission is ordered
to a team of air-to-air fighters, CD reports a failure. A goal is achievable
by a team if the team has a plan that achieves that particular goal and has
team members capable of executing the actions specified in the plan. Due
to loss of members a team may not be able to complete the execution of
a plan. If so, they have no choice but to cancel the execution and report
a failure. A possible future enhancement is to let CD dynamically explore
the possibilities of combining several sub-teams to get a team that can
complete the actions that the individual sub-teams was unable to do, and
the execution of the plan may continue. The new team does not need
to be persistent, it only needs to exist until the action that could not be
completed is complete and hence the current team structure is not changed.

There might be times where the teams have several plans that achieves
a particular goal, and there need to be some way of determine which plan
to choose, e.g. CD analyses the current situation and chooses a plan based
on statistic information from earlier simulations. However, in our model
we will only consider the case where a team only has one plan for each
goal. This should not be a big limitation since the problems in this domain
are often composed of only a few di!erent actions4 that are required to be
executed in a specified order. If the goal is achievable then CD maps the
team members against the roles specified in the plan, i.e. binds the plan’s
formal team to the team members. In this stage the team also synchronizes
their mutual beliefs and jointly commits to achieve the goal. When this is

4The actions can however be quite complex.
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Figure 5.2: Order handling.

done CD transfers the responsibility to CT, which executes its control plan
as stated in 5.5.

5.4.1 Instantiation of team members

When CD has determined to carry out a plan to achieve a goal it is re-
sponsible for assigning the sub-teams (i.e. the team members) to the roles
specified in the plan. The formal team specified in the purpose of the plan
has the following structure: (µ1, . . . , µm). There are six di!erent cases that
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we need to examine5:

1. An ordered team (!1, . . . , !n), n = m

2. An ordered team (!1, . . . , !n), n > m

3. An ordered team (!1, . . . , !n), n < m

4. An unordered team {!1, . . . , !n}, n = m

5. An unordered team {!1, . . . , !n}, n > m

6. An unordered team {!1, . . . , !n}, n < m

We will introduce the predicate P (!, µ) which indicates that the team
! plays the role µ. The first case is a simple one-to-one matching. The
team members are simply instantiated to their matching roles in the plan
(see Figure 5.3a). Formally:

$i P (!i, µi), where i ! {1, . . . , m}.

The second case is same as the first except that the team members
!m+1, . . . , !n are ignored. That is, the additional team members have no
role in the plan (see fig. 5.3b). Formally:

$i P (!i, µi), where i ! {1, . . . , m}.

In the third case there are more roles than team members and hence one or
more team members must play more than one role (see fig. 5.3c). Formally:

$i P (!i, µi) & ($j-k P (!k, µj) & ($l P (!l, µj) . l = k)), where
i, k, l ! {1, . . . , n} and j ! {n + 1, . . . , m}.

The fourth case has a completely dynamic instantiation, CD instantiates
the team members to one role each, based on the current state of the world.
Formally:

$i-j P (!j , µi) & $k P (!k, µi) . j = k, where i, j, k ! {1, . . . , m}
5We rule out the case where the team can not assign all roles due to roles that can

not be played by team members. In this case the team should signal a failure to achieve
the plan.
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The fifth case is completely dynamic as well, but n/m team members are
unassigned. Formally:

$i-j P (!j , µi) & $k P (!k, µi) . j = k, where i ! {1, . . . , m} and
j, k ! {1, . . . , n}

In the sixth case the assignment is dynamic but at least one team plays
several roles. Formally:

$i-j P (!j , µi) & $k P (!k, µi) . j = k, where i ! {1, . . . , m} and
j, k ! {1, . . . , n}

The use of unordered teams introduces the need of a way to dynamically
map the sub-teams against the roles. This is not an easy task in the general
case. In real world scenarios the di!erent roles of the teams are well defined.
To reflect that and simplify the instantiation we will not support unordered
teams. The use of unordered teams does not add much functionality. The
way we use PTAs can often simulate dynamic mapping of teams to roles.
Consider the fraction of a plan graph in figure 5.4 a. The plan says that
µ1 and µ2 each should eliminate one enemy team. To execute the plan
CD, of the team, need to dynamically map two of its sub-teams against
these roles. If the user instead creates the plan graph in figure 5.4 b. (here
$enemy is $enemy1, $enemy2) and has an ordered team that is assigned to
role µ. In this case the team has the following structure ((!1, !2), (!3, !4))
When the team starts to execute the PTA: elimante, CD distributes the
targets among the sub-teams (as a part of the primitive team action) and
the overall result should be the same (presupposed that the algorithm that
groups the enemies groups $enemy into $enemy1 and $enemy2, where the
two last are the variables from a.)

Although we have limited the model to only use ordered teams, to
eliminate the need to do completely dynamic instantiations, we still need
dynamic instantiation in the third case. This can be done in many ways
but we will use a simple method. The method for the instantiation could be
exchanged to a more advanced if it is desirable. Our simple method works
as follows: when the initial matching is done, the roles (µn+1, . . . , µm) is
unassigned and they will be matched consecutively against the team in an
iterative manner until all roles are assigned (see fig. 5.5 for an example).
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Figure 5.3: Instantiation of team members.
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!(µ2, eliminate($enemy2))!(µ1, eliminate($enemy1))

Formal team: (µ1, µ2) Team executing plan: {(!1, !2), (!3, !4)}

1

2

2

1

a.

b.

Formal team (µ) Team executing plan: ((!1, !2), (!3, !4)

(µ, eliminate($enemy))

Figure 5.4: An example where two edges can be simulated by a single edge.
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For a sub-team that plays several roles, CD of that team stores the roles
assigned to the team in a queue to be able to know in which order to execute
when the di!erent roles should be executed in parallel6.

The third case should not appear in the normal case, because it make no
sense to create a plan that have more parallel roles than there are teams.
Since a team can only play one role at a time, a team assigned to play
multiple roles in parallel is forced to play them sequentially. Therefore the
creator of the plan should plan such roles to be played sequential instead
of parallel. The reason for allowing this is to simplify a possible future
enhancement, where a re-instantiation of the teams can be made if a whole
team is lost. The benefit of this is that a plan might be able to continue
execution even if a team that plays a role is lost, since the role might be
played by another team.

5.5 Plan execution

The plans that the user creates are simplified versions of the plans that
the team executes. When a plan is loaded, a control plan is automatically
derived (by expanding each edge as in Figure 4.3). The control plan is
traversed by CT and for each edge in the original graph there exists one edge
in the control plan graph that when executed by CT causes the appropriate
sub-team to adopt a sub-goal specified in that edge. It is important to note
that the plan only specifies which, and in what order, actions should be
executed.

Before the execution of a plan the team synchronizes their mutual be-
liefs and jointly commits to the goal specified by the plan. For every edge
in the plan graph that specifies an achievement of a sub-goal, by executing
an action, the team jointly commits to achieve the sub-goal. As discussed
earlier, a team that plays more than one role must execute the action se-
quentially even if they should be executed in parallel. The way a team
adopts goals prohibits the team to interleave the execution of di!erent ac-
tions and hence gives a deterministic behavior relative to the instantiation.

As CT monitors each sub-teams execution it is CT’s responsibility to
decide what to do if a sub-team fails to achieve its sub-goal. The execution

6As there is only one team the actions of the roles will be played sequentially.
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Figure 5.5: Cyclic instantiation of team members.
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of a plan fails if a PTA, or achievement of a sub-goal (by executing another
plan), specified by an edge in the plan graph fails. For an AND node it is
su"cient that one of the edges emerging from it fails. If a failure occurs CT
aborts the plan execution and reports the failure upwards in the hierarchy.

5.6 Primitive team actions

The primitive team actions are the actions that a team can execute and
are similar to team operators in [7]. The action is primitive in the sense
that it can only achieve a simple goal such as: fly_to_position, elim-
inate_target_x etc. The execution of a PTA is the conjunction of the
execution of all team members individual primitive actions and they must
all be homogeneous. It is possible, for an agent with fight as its func-
tional role and an agent with attack as its functional role, to execute the
PTA fly_in_formation together, as long as both agents can execute the
specified PTA. This means that the functional role of an agent is of minor
interest, instead its which PTAs the agent can execute that is of interest.
However, as an example, an agent equipped with only air-to-air missiles
(i.e. a fight aircraft) will probably not have a behavior modeled to sup-
port a bomb_target PTA (which is a typical PTA for an attack aircraft),
since it does not have any bombs to use on the target.

All individual actions must strive for the same goal as they are con-
tributing with their individual sub-goals. In a PTA the primitive individual
actions must not depend on results obtained from other agents executing
their share, that is, all di!erent sub-goals must be achievable individually.
The goal G of a primitive team action is the union of all individual sub-goals
g1, . . . , gn. The di!erent sub-goals may, or may not be disjoint.

The execution is monitored and supervised by CT. In a typical eliminate
action CT distributes the targets to the agents. In an action where the
agents fly in formation CT will monitor the aircrafts relative position and
order adjustments if needed. The execution of the individual primitive
action is controlled by the agents own behavior, which in turn is based on
some parameters, although the agent know that she is part of a primitive
team action and is doing her share of it. The way CT supervises the agents
is by controlling the parameters in the individual behavior. As an example:
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A team of agents may have the PTA eliminate, to eliminate a team of
enemy aircrafts. The agents have an individual primitive action to eliminate
an enemy aircraft. Which aircraft to eliminate is specified by a parameter.
This parameter is set by CT when doing the target distribution.

5.7 Keeping a coherent view of the team

Since the agents operate in the domain of military aircrafts, loss of agents
is likely to occur. To be able to handle the loss of a team’s CD and CT
which in our model is an agent, there need to be a way for another agent
to become CD and CT. This is done by requiring that each agent has the
knowledge of CD and CT for the team in which the agent is a member.
The knowledge CD possess consists of what plan the team is executing and
how that plan’s formal team is bound to the team members. Furthermore
CD have the knowledge of the CD for the team one level up in the team
hierarchy7. The knowledge CT possess consists of information about the
action that the team is executing. Which, in case the team is executing a
plan, consist of information about the edges that are being executed. In
case the team is executing a PTA, the information consist of the state of the
PTA. To get an example of what the state of a PTA might consist of refer
to 6.1.2. Furthermore CT have the knowledge of the CT for the team one
level up in the team hierarchy. With this knowledge, any agent can become
CD and CT for a team of which the agent is a member, or sub-member (to
any level), of. A similar approach is used in [17].

Since we have a hierarchical team structure it makes sense to let the
team’s beliefs be hierarchical as well. At an arbitrary depth in the team
hierarchy all siblings must have a joint mental state, but a team do not need
to know its siblings internal, more specific beliefs. As an example, consider
the example team in Figure 5.1 again: A team of friendly aircrafts, divided
into two sub-teams, !1 and !2, with two aircrafts in each, is assigned to
eliminate a team of four enemy aircrafts. The targets are distributed so
that !1 gets assigned to eliminate two of the enemy aircrafts, while !2
gets assigned to eliminate the remaining two. Internally !1 distributes the

7As long as there is a team one level up in the hierarchy, i.e. the team is not a
root-team.
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targets so that one of the members gets assigned to eliminate one of the
two aircrafts assigned to !1, while the other member of !1 gets assigned
to the other aircraft. The team !1 has no need to know how !2 internally
distributes the targets, it only need to know which targets !2 is assigned to
eliminate.

5.7.1 Synchronizing mutual beliefs

A team that should execute a plan or a primitive team action must have a
coherent view during the execution. At the beginning the team members
needs to synchronize their beliefs to get rid of possible inconsistencies in
their beliefs. In case there is some beliefs known only by some sub-teams
they must also become mutual beliefs.

The basic concept of mutual belief synchronization is done in two steps.
In the first step all agents send their beliefs to their CT, who will remove
any inconsistencies in the beliefs. The CT then makes its beliefs known to
its CT, which gathers beliefs from all CTs of the sub-teams and remove any
inconsistencies in the beliefs. This task is repeated by CT on level up in
the team hierarchy, until CT of the root-team has a gathered the beliefs of
all sub-teams. In Figure 5.6a an example of the first step is given. In the
example, the agents #1 and #2, belonging to the sub-team !1, sends their
beliefs, bel#1 and bel#2 , to CT of !1, which removes any inconsistencies in
the beliefs and sends the consistent beliefs of the team, bel"1 , to CT of ! .
CT of ! gathers the consistent beliefs from all its sub-teams, !1, . . . , !n, and
since ! is the root-team the first step is completed.

In the second step CT of the root-team propagates the consistent beliefs
to all its sub-teams, which in turn propagates the beliefs further down the
hierarchy until all agents have received the consistent beliefs. In Figure 5.6b
an example of the second step is given. In the example, CT of the team !
have the consistent beliefs, bel" , obtained during the first step. This beliefs
is propagated down to all sub-teams, !1, . . . , !n. The sub-teams’ CTs then
propagates the beliefs further down the hierarchy and the agents #1 and
#2 receives the beliefs from their CT.

Now all agents have the consistent beliefs, but there is no mutual beliefs,
since the very instant that an agent receives the beliefs, a new belief arises,
namely the belief that the agent has the consistent beliefs just received.
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Figure 5.6: Synchronizing mutual beliefs.

Which means that the whole synchronization process must start over again
with the newly arisen beliefs. This procedure will continue infinitely, so
in order to implement mutual beliefs some limitations must be done. For
example by considering the beliefs to mutual beliefs after a finite number
of iterations of the synchronization process.

When the mutual beliefs are synchronized the agents need to report any
changes in their beliefs to their respective CT. The CT will then use the
mechanism described above to make the new beliefs mutual.

To deal with inconsistencies in the beliefs we will let the last received
belief propagate. That is, if CT receives a belief that is inconsistent with
any current mutual belief, the old mutual belief will be removed and the
new belief will become the mutual belief. Since this is a simple method,
a possible future enhancement would be to add a more advanced method
of dealing with the problem. For example by allowing CT to ask the team
members if they prefer this new belief better than the old mutual belief. If
a majority of the members prefer the new belief it will be the new mutual
belief. Other ways of dealing with inconsistencies may be to assign a con-
fidence value to each belief, and/or time stamp the beliefs. Other methods
applicable for resolving inconsistencies with beliefs can be found in [18]
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and [19].

5.7.2 Synchronizing joint commitment

We recall that a joint commitment is a team’s commitment to achieve a
goal. Consider these three properties that characterizes a joint commit-
ment: the mutual desire to achieve the goal p, the state of the goal p (true,
false, unachievable) and the escape clause q. If these three properties are
formulated as mutual beliefs, there are no need to synchronize the joint
commitment, since the mechanism behind the mutual beliefs will do that
implicitly. The teams handles the mutual beliefs according to the specifi-
cation of joint commitment, i.e. the team drops the goal i!:

1. It is mutually believed that there are no mutual desire to achieve p,
or

2. It is mutually believed that the state of the goal p is true or unachiev-
able, or

3. It is mutually believed that the escape clause q is false.

In our model there exists two types of goals that a team can commit to,
namely, the goal specified by a plan and to complete8 a PTA.

5.7.3 Synchronizing joint intentions

The joint intention is a team’s intention to (knowingly) perform an action
a, in order to achieve a goal p, which is formulated in a joint commitment.
Since all teams jointly commits to the goal of a plan and all sub-goals in
the plan, not all joint commitments will lead to joint intentions. Which
joint commitments that will lead to joint intentions are decided when CD
instantiates the formal teams of the plan. When a team have been bound
to a formal team, the team forms joint intentions to perform the actions
of that formal team, as specified in the plan. The joint intention is then
synchronized implicitly since it is a mutual belief.

8To execute the PTA until it is finished
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5.8 Responding to failures in plan execution

Our model will not handle failures in plan execution, i.e. if a sub-goal
can not be achieved, the plan execution will be aborted. We have however
pointed out possible future enhancements in 5.4, which should provide some
degree of failure handling.

Another possibility might be to assign a failure routine to each edge in
the plan graph which performs some other action in case of a failure.

5.9 Reorganization of teams

When a team is trying to achieve a goal, by executing some action, the
team might come to a belief that the team are inadequate to complete the
execution, which may lead to a failure of achieving the goal. Since the
failure of achieving the goal is highly unwanted, this leads to two problems:

1. How will the team, or more specific, CT of the team, evaluate the
situation and conclude that the team is inadequate to complete the
execution?

2. When CT has concluded that the team is inadequate, how will the
team be able to improve their situation?

Our solution to the first problem is to introduce a utility function called
FMHelpGain, described in 7.1.1. This utility function, given the team and
the number of enemies assigned to the team, returns a utility value that
tells how much the team would gain9 if the team had another agent10. That
is, the team only evaluates its situation relative to the number of enemies
assigned to the team. This might seem like a narrow special case, and it is
indeed a special case. However, since we are focusing on fight and attack
missions, where the main objective is to eliminate enemies, we believe that
this is a reasonable limitation. The only way a team can eliminate enemies
is by executing a PTA, therefore the team can only evaluate the situation

9A utility value of e.g. 2 does not mean that the team will be twice as good. Instead
it is a fictional value, where higher means better, used for comparison.

10The agent must, of course, be capable of eliminating the enemies
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when executing a PTA. Now the team can evaluate the situation, but there
still need to be a way to conclude that the team is inadequate. This is
done by using a threshold value, set by the user, such that when the utility
value is higher11 than the threshold value, CT concludes that the team is
inadequate to complete the execution. Another use of this utility value is
to conclude that the team is so inadequate that they are beyond all help.
This may be done by setting a second (preferably higher) threshold value,
such when the utility value is higher than this threshold, the team must
signal a failure and abort the execution.

When CT have concluded that the team is inadequate to complete the
execution, the second problem arise. Our solution to this is to allow the
team to ask for help. To be able to get help, a team that can send help,
if any, must be found. This is done with the algorithm getBestTeam,
described in 7.2.5. If a team is found, that team sends an agent to the team
that needs help. This agent’s presence in the new team is not persistent,
i.e. when the team that needed help is done with the PTA, the agent
returns to its old team. Another feature of the algorithm is its ability to
find other teams that need help. If a team that also needs help is found,
and both teams are executing the same12 PTA, the two teams can be
combined to a larger team which executes the two PTAs sequentially. As
with the previous case, this larger team is not persistent. When the PTAs
are done, the teams returns to their original structure. The behavior of
the algorithm is controlled by a parameter. What happens, formally, when
a team or agent helps another team, is that they inherit the intention to
perform the action of the team they are helping.

To avoid “jumpy” behavior, the teams is only allowed to evaluate their
situation, and hence be allowed to ask for help, when certain events occur.
Those events occur when the team gets a new target distribution, when a
team member is lost or when new enemies are detected.

When a team become available, i.e. a team is done with its tasks (i.e. it
has no intentions) or a team that was not previously part of the simulation
is inserted, each agent of the team may query the other teams how much

11This is since FMHelpGain returns a“reversed”utility value, i.e. a high utility value
means that the team is in great need of help.

12By the same we mean that both teams are executing the same PTA independent of
each other, not that the teams are executing the same PTA together.
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they would gain if they were to receive help from this agent. The queried
teams calculates a utility value using FMHelpGain and sends this value
to the querying agent. The agent will then join the team that will gain the
most (i.e. has the highest utility value) among the teams that have a plan
and PTA library that is a subset of the agent’s plan and PTA library. The
agent’s presence in the team will be persistent, which means that the agent
drops its commitments, if any, and inherit the commitments and intentions
of the team.

5.10 Target distribution

Since this model is focusing on fight and attack missions, one of the most
important tasks for CT of a team is to distribute targets to the team mem-
bers when executing a PTA13. The targets that are to be eliminated is sent
along with the PTA as formal variables. The target distribution method
that we have developed is recursive and consists of two steps:

1. Grouping of targets.

2. Distribution of grouped targets.

First, CT of the team that executes the PTA groups the targets into n
sub-groups, where n is the number of members in the team. Secondly, the
grouped targets are then distributed by CT to the members of the team.
Each member get one enemy group assigned to them. For each member
there exists two cases:

1. The member is a team; CT of the team groups the targets and dis-
tributes them to the team members as described above.

2. The member is an agent; The recursion stops. The agent has got its
targets and can start to eliminate them.

For grouping the targets we have chosen an algorithm called K-means [20].
Although it is a simple algorithm that only uses spatial (i.e. the coordi-
nates of the targets) information when grouping, we believe that it is quite

13A PTA does not necessarily need to involve elimination of targets. However, in fight
and attack missions the main objective is to eliminate targets.
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su"cient for this model. This is since the information the teams have about
targets is the information obtained by radar, which is basically a coordinate
and a direction vector14. Another property of this algorithm is the need to
specify how many groups that should be made, i.e. the algorithm have no
ability to “see” how many groups there are. Instead, it groups the targets
into as many groups as specified. In many cases this would be a drawback,
but in our model it is an advantage, since we want to specify how many
groups that should be made. A more advanced method that samples the
radar information for some time and uses that temporal information might
be possible to use, but we have not looked into that possibility any further.

To distribute the targets we introduce a utility function called
FMTargetMatch, described in 7.1.2. This function, given a team and a
group of targets, calculates a utility value that tells how well suited the
team is for eliminating the group of targets15. In order to distribute the
target groups CT calculates the utility values for all teams matched to
all target groups. The target groups is then distributed to the teams so
that the sum of the utility values is maximized. The target distribution is
explained in detail in 7.2.1.

We will illustrate a simple target distribution with an example: The
team ! , consisting of the two sub-teams !1 and !2 with two agents in
each sub-team, is assigned to eliminate a number of targets, labeled " (see
fig. 5.7a.). CT of ! groups " into two groups (since ! got two members),
labeled "1 and "2, using the K / means algorithm. Using the distribution
algorithm CT see that the highest sum of utility values is obtained when "1
is distributed to !1 and "2 is distributed to !2 (see fig. 5.7b.). CT of !1 will
then group "1 into two groups and distribute them to the team members.
Since both the members are agents, the recursion stops there. CT of !2 will
do a similar grouping and distribution of "2 (see fig. 5.7c.).

A problem that need some attention is when the number of targets,
m, is less than the number of members in the team. The problem arise

14In the real world it is possible that there exist intelligence information about possible
targets, such as of aircraft types and armament. However, in TACSI there exist no such
information.

15A utility value of 2 does not mean that we have an estimated chance of 2:1 to
eliminate the targets. Instead, as with the utility value obtained with FMHelpGain,
this value is fictional and used for comparison.
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Figure 5.7: Target distribution.
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since we can not group m targets into n sub-groups (without overlapping)
anymore. We have considered two methods to handle this.

1. If m < n the recursion stops, i.e. all m targets are distributed to all
n members of the team.

2. If m < n the targets are grouped into m sub-groups, i.e. one target
in each sub-group. The sub-groups are then distributed as before,
however there will be n / m team members that will not get a sub-
group distributed to them.

Using the first method all members will get targets distributed to them.
It might, however, lead to unwanted behavior. Consider the example where
the team consists of 8 members. The team is assigned to eliminate 7 targets.
Since the number of targets is less than the number of members in the team,
the recursion stops and all 7 targets are distributed to all 8 agents. Now
we have 8 members where all have 7 targets. This is not a good target
distribution. Using the second method not all members will get targets
distributed to them. However, this need not to be a problem. Consider
the same example again, except this time the second method is used. The
targets will be grouped into 7 groups (one group for each target) and each
member will get one of the groups distributed to them. This leaves one of
the members without any target. This member may now use the method
described in 5.9, and the member will join one of the other members to help
eliminate the targets. We will now have 2 members with 1 common target
and 6 members with 1 target each, which is a much better distribution than
the first. Therefore we have chosen to use the second method for dealing
with this problem.

A new target distribution needs to be done when new enemies (that
should be eliminated) are detected or when team members are lost.

Although the target distribution algorithm have been developed with
distribution of aircrafts in mind (i.e. fight missions), we see no limitation
in using the algorithm with sea and ground targets (i.e. attack missions)
as well.
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Chapter 6

Integration and
implementation in TACSI

This chapter presents our proposal of how the team behavior model can be
integrated in TACSI. At the end an outline of our implementation of the
team behavior model in TACSI is presented.

6.1 Integration in TACSI

This is our proposal of how selected parts of the model should be integrated
in TACSI. Keep in mind that the information presented here can be a little
hard to grasp for readers not familiar with TACSI.
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6.1.1 Plans in TACSI

The plan specifications must be done before the simulation starts. A plan
specification consists of the following:

• The plan name.

• The purpose of the plan.

• The formal team.

• Definition of the formal variables the plan needs.

• The plan graph.

The plan graph specification consists of nodes and edges connecting the
nodes. A node may be of any of the following types:

• AND. Indicates that the edges emanating from the node are plans
or PTAs that should be executed in parallel.

• OR. Indicates that, in case we have two edges emanating from the
node, the edges are conditional statements and the execution will
continue along the path where the conditional statement evaluated
to be true. In case we have only one edge it will specify the execution
of a plan or PTA.

• END. Indicates that the plan is completed.

Where one of the nodes are specified as the root node. An edge may specify
one of the following:

• Execution of a plan. The specification consists of the plan to execute,
the formal team that should execute the plan and the formal variables
needed by the plan.

• Execution of a PTA. The specification consists of the PTA to execute,
the formal team that should execute the PTA and the formal variables
needed by the PTA.
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• Evaluation of a conditional statement. The specification consists of
either a test if an edge have been successfully executed, or it may be
a test for a predicate present in the environment.

The plans are managed by a plan manager which loads all plans when
the scenario is loaded. The agents may then acquire plans from the plan
manager. The user will probably need an editor to specify the plans.

6.1.2 Primitive team actions in TACSI

Since the agents in TACSI have their behavior modeled with state ma-
chines, combined with preconditions and conclusions, we suggest that PTAs
should be modeled using the same mechanism. This will give the user the
same freedom and flexibility to describe team behavior as the user has to
describe individual behavior. In order to do so, some modification to the
mechanism needs to be done. First, the agents should have two separate
sets of state machines. The first set models, as before, the agents individual
behavior and is executed by all agents. We call this set IS, for “individ-
ual set”. The second set models the control of a team and is executed by
agents that are CT of a team. We call this set CS, for “control set”. Each
state machine, in both sets, corresponds to a PTA that the team can exe-
cute. When a team starts to execute a PTA, CT of the team activates the
control state machine, located in CS, corresponding to the PTA. The CT
will then instruct all members of the team to activate the state machine
corresponding to the PTA. Since there is two types of members, we will get
two cases:

1. If the member is a team, CT of this team will activate the control
state machine, located in CS, corresponding to the PTA. CT will
also instruct all members of the team to activate the state machine
corresponding to the PTA.

2. If the member is an agent, the agent will activate the individual state
machine, located in IS, corresponding to the PTA.

Since an agent can be CT of multiple teams, the agent must be able to run
separate instances of a state machine for every team where the agent is CT.
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Upon this we need a number of new preconditions and conclusions.
Some of which can be used by state machines in IS, while others can be
used by state machines in CS. We will present the new preconditions and
conclusions that we believe are necessary.
Conclusions needed by state machines in CS:

• Signal done. Sends a signal that the team is done with the action.
If the team is a sub-team to the team executing the PTA, the signal
is sent to CT of the parent team. If the team is the team executing
the PTA the signal is sent to CT of the plan, which may continue
execution of the plan.

• Signal failed. Sends a signal that the team is unable to achieve the
action. The signal flow is the same as in the“Signal done” conclusion,
described above.

• Distribute targets. Distribute targets to the team members using the
mechanism described in 5.10.

• Call for help. Calls for help from the other teams using the mechanism
described in 5.9.

• Signal go to members. Sends a “go” signal to the team members.

• Convert variable to waypoint. Converts a variable to a waypoint and
inserts it into the waypoint list.

• Convert variable to target. Converts a variable to a target and inserts
it into the target list.

Preconditions needed by state machines in CS:

• Members done? Returns true if all team members have signaled that
they are done.

• Member failed? Returns true if at least one member have signaled
that the action is unachievable.

• I have targets? Returns true if the team has targets assigned to it.
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• FMHelpGain value less/greater than x? Returns true if the value of
the utility function FMHelpGain is less/greater (selectable) than a
specified value.

• FMTargetMatch value less/greater than x? Returns true if the value
of the utility function FMTargetMatch is less/greater (selectable)
than a specified value.

Conclusions needed by state machines in IS:

• Signal done. Signals to CT that the individual action is done.

• Signal failed. Signals to CT that the individual action is unachievable.

Preconditions needed by state machines in IS:

• CT has signaled go? Returns true if CT have signaled “go”.

6.1.3 Communication

We are considering the information from implicit communication, i.e. the
information sent and received via the datalink, as ideal. This consists
of information about other aircrafts (position, fuel, missiles left etc.) in
the team and information about potential targets, i.e. what the agents see
on their radars. This means that we always have a mutual belief within
a team about potential targets and the properties of the aircrafts in the
team. If an aircraft is outside the range of the datalink the information
normally obtained via the datalink must be communicated explicitly via
the radiolink.

The explicit communication is a bit more complicated as it is sent via
a radiolink where the messages can be lost (by jamming etc.). We propose
that messages are divided into two categories:

1. Messages that is desired to arrive, i.e. non mission-critical messages.

2. Messages that must arrive, i.e. mission-critical messages.

No special synchronization are required by messages in the first cate-
gory, i.e. the message is simply sent by the sender. If the message arrives it
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is good. If the message do not arrive it is bad, but the execution need not
to stop. Our model does not make use of the first type of messages, but in a
future enhancement of the model they may be useful. For example: If two
aircrafts is flying in formation and the leader are about to make a sharp
turn, then the leader might want to alert the wingman about the turn. It
is not mission-critical that the message arrives, but it is a benefit if it does,
since the wingman can adjust the position and speed of the aircraft and
might be able to hold a tighter formation with the leader.

Messages in the second category are used by our model, for example
when synchronizing mutual beliefs. These messages are mission-critical
and must use a more advanced method than the non mission-critical mes-
sages. We suggest that messages that are sent must be acknowledged by
the receiver within a timeout period. If the receiver has not acknowledged
the message within the timeout period the sender resends the message, un-
til an acknowledgment is received. If an acknowledgment is not received
after a certain number of message resends, the execution must stop, since
a mission-critical communication can not take place. The timeout and the
maximum number of message resends can be specified by the user. A prob-
lem with this method is that although the sender will know if the receiver
has received the message, the receiver will not know if the sender knows
that the message has been received. We have, however, not evaluated this
method and can therefore not tell if it will be su"cient or not.

6.1.4 Specifying agents in TACSI

As with plans, the agents must be specified before the simulation starts.
An agent specification does not di!er much from a normal aircraft entity
specification in TACSI. The only real di!erence is that an agent must have
the plans that it can execute specified, i.e. its plan library. The agents PTA
libraries are generated when the agents are loaded, by checking the state
machines present in the agents’ behavior.

6.1.5 Specifying teams in TACSI

A team specification consists of the following:

• The team name.
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• The team’s force identifier.

• The (initial) CT and CD of the team. In our model CT and CD are
the same, so only one of them needs to be specified.

• The team’s initial plan. This do not apply to sub-teams. Sub-teams
do not have an initial plan, since they are assigned tasks according
to their parent-team’s plan.

• The team’s variables.

• The team members, which may be sub-teams or agents.

The teams are managed by a team manager which loads the teams when
the scenario is loaded. The teams are represented as trees with properties
according to the team specifications. To be able to specify teams e!ectively,
the user will probably need an editor.

6.2 Implementation in TACSI

As part of our work we have implemented a subset of the team behavior
model in TACSI to be able to draw some conclusions of how the model
performs and evaluate the applicability in TACSI. As mentioned in 6.1.2,
the behavior in TACSI is modeled by a set of state machines. We have done
extensions to the component controlling the state machines to be able to
steer the execution of the state machines regarding of the teams intentions.
The structure of TACSI’s behavior model can be seen in Figure 6.1, and
after our extension in Figure 6.2. We have also added components for
reading and managing plans and team structures. The major extensions to
TACSI are:

1. A user can specify the agents, which PTAs and plans they can exe-
cute.

2. A user can specify teams, in the same way as described in the model,
and add variables to them, that are known before simulation such as
di!erent waypoints.
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3. A user can specify plans in the way described i the model.

The implementation is a limited version of the modeled presented in 5. The
limitations are mostly due to timing constraints. The major limitations in
our implementation are:

1. The plans the team can execute can not contain AND nodes or OR
nodes with more than one edge emanating from the node. Although
such plans can be described in the implementation, the teams can
not execute them.

2. Only a subset of the suggested preconditions and conclusions are
implemented.

3. During execution a team may not come to a belief that it is inadequate
of completing the current action.

4. When a team executes a PTA the control structure of that team
is flattened out, i.e. there will be only one CT controlling the whole
team, and sub-teams to that team, regardless of how many sub-teams
there are. This limitation has to do with execution of the state ma-
chines of the CT role in a team. If an agent is CT for more than one
of the teams in the team that executes the PTA, that agent needs to
execute one CT state machine for each of these teams, which is very
troublesome in TACSI as of now.

5. The communication is idealized, all message arrives.

6. There is an ideal mental state of the team, as all member of a team
shares an instance of the team description, containing all goals, in-
tentions etc.



73

RuleHandler

ObjectRoot

Tactic

TacticInterface

TacsiTacticInterface

1

1

1 1

1 1

1 1

StateMachine

1

1..*

Figure 6.1: Structure of TACSI’s behavior.



6.2. Implementation in TACSI

FMGroupRuleHandler

ObjectRoot

FMGroupTactic

TacticInterface

TacsiTacticInterface

1

1

1 1

1 1

1 1

TacticRuleHandler

FMTeam

FMAgent

FMBasicTeam

1

1

1

1

0..*

1

FMJointGoal FMPlanPosition

FMPlanGraph

FMEdge

FMExecAnd

FMExecOr

FMExecPTAFMExecPlan

FMEndSeqFMEndPlan

1 1..*

1 1..*

1 1

1..*

1

1

1

StateMachine

1

1..*

Figure 6.2: Structure of TACSI’s behavior after our extension.
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Chapter 7

Algorithms and functions

In this chapter we will present the functions and algorithms that we have
developed. We have developed two utility value functions, the first is used
during restructuring of a team, and the other during target distribution.
We have also developed an algorithm that searches for a team that may
help another team, and an algorithm for target distribution.

7.1 Utility functions

7.1.1 Utility function 1 - FMHelpGain

The first utility function we will introduce estimates a value describing the
need of an additional agent for a team in an eliminate action. The param-
eters used in this function are:
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!i The team that the utility value is calculated for
j The new member
)k The enemy team assigned to !i
+i,j The distance between the team !i and the new member j
&i The priority of the action executed by !i
.i The total number of missiles in !i

The first utility function, called FMHelpGain, is defined as:

FMHelpGaini,j =
|)k|
|!i|

" &i

mb(.i/|)k|) + 3
" 1"

+i,j "#i,k

#i,k = (1 + |!i|/ |)k|)2 + 1

Here |!i| and |)k| denotes the number of members in each team and the
function mb calculates the missile bound and is defined as:

mb(q) = /(q / 1) " q + /(q / 2) " (2 / q)

Where q is the quotient between the number of missiles, .i, in friendly team
!i and the number of members in enemy team )j . The function / is the
Heaviside step function is defined as:

/(x) =
#

1 x 0 0
0 x < 0

The reason for introducing the missile bound function is to limit the influ-
ence from the number of missiles to the utility value. The function has the
following behavior:

mb(q) =

$
%

&

2 q > 2
q 1 1 q 1 2
0 q < 1

And hence having more than two missiles per enemy agent is not superior
having two per enemy, whereas having less than one missile per enemy is
considered insu"cient. The reason for choosing two missiles per enemy is
based on our intuition. In real air combat a pilot should not fire a missile
unless the probability to hit the target is high, and that fact is then reflected
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by the missile bound as there should not be a need for one or two missiles
per target.

The utility value estimates the need of a new member and hence a
greater value means a greater need of a new member. The structure of the
function is entirely based on our intuition of parameters that should matter
when considering the use of another member and empirical testing1. One
simplification made is that the utility value only depends on the distance
between the team and the new member, it is more likely to depend on
several factors such as the the teams di!erent altitude, the amount of fuel
in the new member’s aircraft, the time2 it takes to travel for the new
member to the team etc.

Figure 7.1 shows how the utility value depends on the number of team
members and the number of enemy agents assigned to a team. By that
figure we can see that the highest utility value is when the number of
members in the team is one less then the number of enemy agents. Consider
this scenario: friendly teams !1 and !2 is engaging enemy teams )1 and
)2. The team !1 has two members, !2 has three members, )1 has three
members and )2 has two members. Team !1 is assigned to )1 and !2 to
)2. If !1 requests an agent from !2, !1’s utility value must be greater than
!2’s utility value, calculated with one agent less than it has. Figure 7.2
plots how the di!erence in their utility value changes as a function of the
distance between the teams. For !1 to get an agent the di!erence need to
be greater than zero.

The basic idea that motivated us for the behavior of the utility function
described above is:

• A high value of the quotient |$k|
|"i| means that the team is outnumbered

which is undesirable.

• A higher value of the priority &i should yield a greater need for a new
member to be able to finish the action as quick as possible.

• The total number of missiles in the team is significant, as discussed
earlier.

1To get the behavior of the utility function that we were looking for.
2The time is most likely to be a function of at least the distance.
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Figure 7.1: Utility value of FMHelpGain as a function of number of team
members and number of enemy agents.



79

10 20 30 40 50 60 70 80 90 100
!0.05

0

0.05

0.1

0.15

0.2

Distance between teams

D
iff

er
en

ce
 in

 u
til

ity
 v

al
ue

Figure 7.2: Di!erence in utility value as a function of the distance
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• To get maximum utility when the team is exactly one member less
than the opposing team we introduced the #-factor. This is because
the need of a new member might not be that desirable when the
di!erence in number aircrafts is large, the team might consider to
retreat instead.

It is important to note that this is not the utility function to estimate
the need for assistance, it is our proposal to how a utility function could
be described. In the algorithms we presents further in this chapter this
utility function is used but this utility function could easily be exchanged
to another one that yields a better (or more realistic) estimation.

7.1.2 Utility function 2 - FMTargetMatch

The second utility function, called FMTargetMatch, is used when a team
does the initial target distribution, after the grouping of enemy teams has
taken place. The value returned describes how well the team is suited for
a given enemy team. A higher utility value means a greater desire to be
matched with that enemy team. The function takes as input:

!i The team that the utility value is calculated for
)j The enemy team to be matched against
+i,j The distance between the two teams # and )
.i The total number of missiles in the team !i

The function FMTargetMatch is defined as:

FMTargetMatchi,j =
'

arctan (|!i|/ |)j | + 1)
'

+ 1/2
(
" 1

+1/3
i,j

"mb

'
.i

|)j |

(

Where |!i| and |)j | denotes the number of members in friendly team !i and
enemy team )j , respectively. The function mb is the same function as in
7.1.1.

Now to our motivation for the structure of the second utility function:

• The di!erence in number of members in a team should matter, but
only to a certain degree, and arctan gives us that behavior. The
division by ' is only to get a value in the open interval (/ 1

2 , 1
2) and

the addition of 1
2 to ensure a positive value.
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• The division by the distance is because it is more feasible for a team
to engage a team that is closer. Of course the same principle regard-
ing the distance discussed when describing the first utility function
applies here.

• The total number of missiles in the team is significant, as discussed
earlier.

As with the first utility function this is a proposal of how to assign a
value describing the satisfaction of a matching between a friendly team and
an enemy team.

7.2 Algorithms

7.2.1 Target distribution

In this section we will use the word matching both for matching a friendly
team against an enemy team and for matching3in a graph. Which one we
refer to should be clear from the context.

The basic idea of the target distribution is described in 5.10. Here we
will present the algorithm and how to maximize the total utility value of
a matching. Before the target distribution takes place the enemies needs
to be categorized into groups. Then we create a target matrix in which we
store the utility values. In the target matrix, position (i, j) is the utility
value for friendly team j matched to enemy team i. When the target
matrix is computed, a distribution is calculated. How this could be done
is discussed later in this section. That distribution is then returned as a
vector where at index j is the enemy team i distributed to friendly team j.
The algorithm for target distribution is described in Algorithm 7.2.1.

The target distribution could equivalent be seen as a matching in a
complete bipartite graph Km,n where m is the number of friendly teams
and n the number of enemy teams. A graph G is a tuple (V, E) where V is
the set of vertices and E the set of edges. A bipartite graph is a graph which
can be partitioned into two sets X and Y in such way that every edge of
G has one end vertex in X and the other in Y . A complete bipartite graph

3A matching M in a graph is a set of edges that does not share a vertex.



7.2. Algorithms

Algorithm 7.2.1 Distributes targets to friendly teams
distributeTargets(FT, ET )

1 /* FT = the sub-teams to distribute targets
to
ET = the enemy teams */

2 distribution 2 +
3 targetMatrix 2 +
4 for each f ! FT
5 do for each e ! ET
6 do d = distance(f, e)
7 tm[e, f ] 2 FMTargetMatch(f, e, d,numMissiles(f))
8 distribution 2 findMatching(tm)
9 return distribution

is a graph where all vertices in the partion X is connected by an edge to
every vertices in Y . For a deeper description of graphs consult [21]. The
vertices in this bipartite graph are the teams. To each edge in the graph
there is assigned a value, which is the utility value for that matching of
teams. The target distribution is then a perfect matching4 that maximizes
the sum of the values assigned to the edges in the matching.

The strength of representing target distribution as a matching in a bi-
partite graph comes when one would like to consider secondary, tertiary
target distributions and so on. We first do the primary target distribution,
which is represented by the matching M , to do the secondary target distri-
bution we do a new matching M % in the graph G% = (V, E%), E% = E \ M .
The third matching is done in the graph G%% = (V, E%%), E%% = E% \ M % and
so on. This can then be calculated iteratively for an arbitrary5 number of
matchings.

A problem that remains to be solved is how to select the distribution
that gives the highest utility value. The problem is an optimal assignment
problem, what we search for is a traversal of the target matrix with a maxi-

4A perfect matching in a graph is a matching that saturates every vertex of the graph.
5Of course no more than there exists enemy teams.
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mum sum. This is the same problem as finding a maximum weighted match-
ing in the complete bipartite graph Km,n [22], representing the teams. The
problem has two cases:

1. m = n, the number of enemy teams is exactly the same as the number
of friendly teams. The K / means algorithm can always categorize
n%, n% > m targets into m groups.

2. m > n, this case appear when the number of enemy aircrafts is less
than the number of friendly teams.

The first case is the easiest. Given a complete bipartite graph, an
optimal algorithm such as Kuhn’s Hungarian method [22] can calculate the
perfect matching. A faster but not optimal algorithm can be found in [23].

For the second case there can not exist a perfect matching [21] and
another strategy is needed, as discussed earlier in 5.10.

As an example of how the target distribution works we will present four
figures, each showing an actual target distribution done with the target
distribution algorithm with di!erent configuration of teams.

1. Figure 7.3, four friendly engaging four enemies. All friendly aircrafts
has each four missiles.

2. Figure 7.4, four friendly engaging five enemies. All friendly aircrafts
has each four missiles.

3. Figure 7.5, five friendly engaging five enemies. All friendly aircrafts
has each four missiles.

4. Figure 7.6, five friendly engaging five enemies. The friendly sub-team
with three members has a total amount of three missiles. The other
friendly team has a total amount of eight missiles.

7.2.2 Algorithms for reorganizations of teams

Here we will present the algorithm for choosing a team (if such team exists)
that should release an agent or to combine with the team that request help.
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We will first present the formal parameters used in the algorithm.

c The team executing the function
t The team that needs help
e Teams to exclude in the function

cw The rate that specifies the desire to collide two teams
tw The rate that specifies the desire to transfer an agent

between two teams
r The role (i.e. the PTA that team is executing) that the

team that requests help plays

A few of these formal parameters needs more explanation. The formal
parameter e specifies a team that should not be taken into account when
an algorithm is executed. This is the case when a request is sent further
up in the hierarchy since the algorithm already has been executed for that
sub-team. The formal parameters cw and tw specifies the desire of com-
bine two teams, or to transfer an agent from a team to another. These are
needed since the algorithm takes both teams that wishes to combine and
release an agent into account. These values need to be specified as global
values for a team and must obey the relation cw + tw = 1. The value
specified is the inverse desire, so a value near 0 means a great desire.

A team t that come to belief6 that another agent should ease the exe-
cution, signals its CT that it needs another agent. To be able to fulfill t’s
request CD executes getHelp(t). The function getHelp starts a search
for a team by executing findTeam. The function findTeam searches for
an agent in the team hierachy by executing getBestTeam. In getBest-
Team, if a team # is found, it is then returned unless #’s utility after
the agents is released is lower than the t’s, this is ensured by the function
updateChoice. This is because we want to rule out the case where a
team looses more than the team that needs help gains. This also avoids a
“jumpy” behavior where an agent is transferred to a team, and then back
to its originating team and so on.

6The teams utility value is lower than a specified threshold value.



87

Algorithm 7.2.2 Searches for assistance for team t
getHelp(t)

1 res 2 findTeam(me, t, t,getRole(t))
2 switch res.type
3 case INCOMPATIBLE TY PE :
4 sendMessage(t, NO HELP AV AILABLE)
5 case CAN HELP :
6 sendMessage(t,HELP COMMING)
7 transfer(t, res.team)
8 case NEED HELP :
9 sendMessage(t, COMBINE WITH TEAM )

10 combine(t, res.team)

Algorithm 7.2.3 Finds a team that could assist the team t
findTeam(c, e, t, r)
1 res 2 getBestTeam(c, e, t, r, cw, tw)
2 if res.team = + || res.type = INCOMPATIBLE ROLE
3 then
4 CD 2 getCD(c)
5 if CD = +
6 then
7 return res
8 return findTeam(CD, c, t, r)
9 return res
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Algorithm 7.2.4 Updates the choice of team
updateChoice(new, old, t)

1 /* new = the new team
old = the currently best team
t = the team that needs help */

2 if new.type = INCOMPATIBLE ROLE
3 then
4 return old
5 if new.util " new.weight < old.util " old.weight
6 then
7 /* new.team is better suited for releasing an

agent than old.team */
8 if new.util < FMHelpGain(t,distance(t, new.team))
9 then

10 /* t needs an agent more than new.team does
after releasing one */

11 return new
12 return old
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Algorithm 7.2.5 Determines the team most suitable for transferring an
agent to team t, or a team to collapse with t
getBestTeam(c, e, t, r, cw, tw)

1 C 2 getSubteams(c) \ e
2 uchoice.team 2 +
3 uchoise.util 2 3
4 uchoise.weight 2 1
5 uchoice.type 2 INCOMPATIBLE ROLE
6 if C *= +
7 then /* Executed for a team */
8 for each x ! C
9 do u 2 getBestTeam(x, +, t, r, cw, tw)

10 uchoice = updateChoice(uchoice, u, t)
11 return uchoice

12 else /* Executed for an agent */
13 if canPlay(r)
14 then
15 uchoice.team 2 myTeam
16 if needHelp(myTeam)
17 then
18 uchoice.util 2 FMHelpGain(myTeam, 1)
19 uchoice.weight 2 cw
20 uchoice.type 2 NEED HELP
21 else
22 uchoice.util 2 FMHelpGain(myTeam / 1, 1)
23 uchoice.weight 2 tw
24 uchoice.type 2 CAN HELP
25 return uchoice

26 else
27 uchoice.type 2 INCOMPATIBLE ROLE
28 return uchoice



7.2. Algorithms
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Chapter 8

Evaluation

In order to evaluate the implementation of the team behavior model two
test scenarios where created and simulated. This chapter presents the test
scenarios and the results obtained from the simulations, along with our
conclusions drawn from the results.

8.1 Test scenarios

The first of the two scenarios is a simple scenario intended to test three
things:

1. Initial tests of how well the concept of having the agents act according
to plans and PTAs works in TACSI.

2. Test if the team handles the loss of CT and CD correctly.
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Figure 8.1: Plan graph for the first scenario

3. Test if the team can fly in formation by letting one of the agents, the
formation leader, fly to a waypoint while the other agents passively
track and flies relative the leader.

In the scenario there exists one team, d, with four aircrafts, a1, . . . , a4, di-
vided into two sub-teams such that d = ((a1, a2), (a3, a4)). In the scenario
the team d executes a plan, with the plan graph given in Figure 8.1. The
plan has a formal team, ! , which will be mapped to the team d. The plan
graph states that the team should fly in formation to three di!erent way-
points by executing the PTA fly_in_formation, where the waypoints are
given by the variables waypoint1, . . . , waypoint3. During the simulation,
when the team is executing the edge between the nodes 2 and 3, the agent
that is CD and CT of the team is removed from the simulation.

The second scenario is a bit more advanced and is intended to test two
things:
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1. Further tests of how well the concept of having the agents act accord-
ing to plans and PTAs. This is done by using two di!erent PTAs in
the plan, where the second one is quite complex.

2. Test the performance of the target distribution algorithm.

As in the previous scenario there exists one team, d, with four aircrafts,
a1, . . . , a4, divided into two sub-teams such that d = ((a1, a2), (a3, a4)). In
the scenario the team d executes a plan, with the plan graph given in Figure
8.2. The plan has a formal team, ! , which will be mapped to the team d.
The plan graph states that the team should fly in formation to a waypoint
by executing the PTA fly_in_formation, where the waypoint is given
by the variable waypoint1. At the waypoint the team should eliminate a
group of four enemy aircrafts (without team behavior) by executing the
PTA eliminate, where the enemy group is given by the variable ". When
the enemies are eliminated the team flies in formation to a second waypoint,
given by the variable waypoint2.

8.2 Results and conclusions

In the first scenario the team acts according to the plan and the agents
execute the PTA fly_in_formation three times in a row, but with three
di!erent waypoints. During the execution of the PTA the team manages to
fly in formation to the waypoint. The formation is a bit unsteady, especially
when the formation leader makes a sharp turn. The main reason for this is
due to limitations in the aircrafts dynamics model. When the agent that is
CD and CT is removed another agent in the team immediately gets assigned
to be the new CD and CT. The execution continues with the new CD and
CT and the team manages to complete the plan.

By reflecting the results obtained while simulating the first scenario to
the three things intended to be tested, we can draw the following conclu-
sions:

1. Since the team acts according to the plan and the agents execute
the PTAs correctly, we conclude that the concept of plans and PTAs
works well in TACSI.
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Figure 8.2: Plan graph for the second scenario
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2. The team handles the loss of CD and CT correctly, since a new agent
gets assigned to be the new CD and CTand continues to execute the
PTA correctly.

3. The way of flying in formation by letting the agents track and fly
relative a formation leader works, but is a bit unsteady. In order to
make the formation more steady when the formation leader turns, it
might be possible to let the formation leader send a message to the
other team members just before the turn, so that they can prepare
for the turn by adjusting their position and speed.

In the second scenario the team acts according to the plan and the
agents execute the PTA fly_in_formation, followed by the PTA elimi-
nate. Finally the agents execute the PTA fly_in_formation again, but
with a di!erent waypoint. When the team has reached the first waypoint
the agents starts to eliminate the enemies by executing the PTA elimi-
nate. When the execution of eliminate starts, CT distributes the targets
to the agents. The target distribution has no overlap and all targets are
covered. During the execution one of the team’s aircrafts is shot down by
the enemies. When this happens a new target distribution is done imme-
diately so that the lost aircraft’s targets gets covered. The four enemies
are eliminated with loss of only one aircraft in the team. When the ene-
mies are eliminated the team flies in formation to the second waypoint and
completes the plan.

By reflecting the results obtained while simulating the second scenario
to the two things intended to be tested, we can draw the following conclu-
sions:

1. The team acts according to the plan and the agents execute the PTAs
correctly. This strengthen the previous conclusion that the concept
of plans and PTAs works well in TACSI.

2. The target distribution algorithm works as expected. All agents gets
targets distributed to them with no overlap and all targets are cov-
ered.

Even though the implementation is limited, which forced us to create
somewhat simple test scenarios, we are very pleased with the results. We
have shown that the team behavior model is applicable in TACSI.
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Some other things that would have been valuable to test is the teams’
ability to ask for help and to test plans that have parallel execution in them
(i.e. contains AND nodes). Unfortunately, due to time limitations, the
functionality needed to perform these test is not implemented.
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Chapter 9

Conclusions

In the previous chapter we presented some tests performed with the limited
implementation of the team behavior model in TACSI. Some conclusions
about the agents behavior could be drawn, but most importantly, the tests
show that the team behavior model, with the concept of plans and primi-
tive team actions, is applicable in TACSI. Although the implementation is
limited, we believe that it will be a good starting point for implementing
the full model in TACSI. Some things need, however, to be considered: As
stated in 6.1.2 some changes to the behavior system is needed and many new
preconditions and conclusions (of which we have only implemented a few)
are needed. Furthermore a language of how the agents should communicate
over the (non ideal) radiolink need to be specified along with limitations to
the mutual beliefs, since the mutual beliefs can not be implemented in its
pure form.



9.1. Strengths and weaknesses

9.1 Strengths and weaknesses

The team behavior model, which is the main result of our work, have both
strengths and weaknesses. This section presents a summary of the most
important ones. Among the strengths of the team behavior model are:

• The model uses a social structure with an agent for each team that
is responsible for the command and control of the team. This elimi-
nates the need of negotiation among the agents. This approach does,
however, introduce a single point of failure, i.e. if the agent that
is responsible for command and control is lost, the team becomes
unusable. This is handled by letting all agents in a team have the
knowledge of the command and control agent, so that every agent in
a team can take over the responsibility for command and control.

• The model uses mutual beliefs, joint commitments and joint inten-
tions which enforce a coherent behavior within the team.

• The algorithms developed are modular. It is simple to exchange the
utility functions to new ones.

• The plan structure provides an easy and intuitive way of modeling
missions.

Among the weaknesses of the team behavior model are:

• The model does not handle failures in the plan execution.

• The model does not support dynamic selection of plans, i.e. the team
have (at most) one plan to achieve each goal.

• The model uses mutual beliefs, which is impossible to implement in
its pure form. So some limitations to the mutual beliefs must be
made in order to implement the model.

• The model does not specify exactly which beliefs that should be
shared among the agents.
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9.2 Future work

The team behavior model have a number of areas where it can be im-
proved. The following enhancements would greatly improve the team be-
havior model:

• Handling failures in plan execution. Some ideas of how to handle
failures in plan execution is given in 5.4.

• Dynamic selection of plans. By letting the team have multiple plans
that achieves the same goal, the team might be able to perform better.
The dynamic selection of plans might be possible by letting the team
analyze the current situation and choose a plan based on statistic
information from earlier simulations.

• Improve the way inconsistencies are handled when synchronizing mu-
tual beliefs.

• Specify what knowledge to be shared among the agents in a team.
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Linköpings University, april 2002.

[10] Milind Tambe and Paul S. Rosenbloom. Event tracking in a dynamic
multi-agent environments. In Computational Intelligence, 1995.

[11] Philp R. Cohen and Hector J. Levesque. Teamwork. Nous, 1991.

[12] B. J. Grosz and C. L. Sidner. Plans for discourse. In P. R. Cohen,
J. Morgan, and M. Pollack, editors, Intentions in Communications,
pages 417–445. MIT Press, 1990.

[13] D. Pynadath and M. Tambe. Team coordination among distributed
agents: Analyzing key teamwork theories and models, 2002.

[14] Elizabeth Sonenberg et. al. Planned team activity. Techincal note 26,
Australian Artificial Intelligence Institute, 1992.

[15] Gil Tidhar, Anand S. Rao, and Elizabeth A. Sonenberg. Guided team
selection. In ICMAS96, pages 369–376, 1996.

[16] Gil Tidhar. Team-oriented programming: Preliminary report. Tech-
incal note 41, Australian Artificial Intelligence Institute, 1993.

[17] Laird, J. E., R. M. Jones, and P. E. Nielsen. Coordinated behav-
ior of computer generated forces in tacair-soar. In In Proceedings of
the Fourth Conference on Computer Generated Forces and Behavioral
Representation, pages 325–332, 1994.

[18] Milind Tambe and Hyuckchul Jung. The benefits of arguing in a team.
AI Magazine, 20(4):85–92, 1999.

[19] Hyuckchul Jung, Milind Tambe, Barrett Anthony, and Clement
Bradley. Enabling e"cient conflict resolution in multiple spacecraft
missions via dcsp. In Proceedings of the International NASA Work-
shop on Planning and Scheduling for Space, 2002.



[20] Khaled Alsabti, Sanjay Ranka, and Vineet Singh. An e"cient k-means
clustering algorithm. Technical report, Infromation Technology Lab
of Hitachi America, 1998.

[21] John M. Harris, Je!ery L. Hirst, and Michael J. Mossingho!. Combi-
natorics and Graph Theory. Springer Verlag, 2000.

[22] James R. Evans and Edward Minieka. Optimization Algorithms for
Networks and Graphs. Marcel Dekker, Inc., 1992.

[23] Doratha E. Drake and Stefan Hougardy. A simple approximation algo-
rithm for the wighted matching problem. Technical report, Humboldt-
Universität zu Berlin, Institut für Informatik, 2002.



Avdelning, Institution
Division, Department

Datum
Date

Spr̊ak

Language

! Svenska/Swedish

! Engelska/English

!

Rapporttyp
Report category

! Licentiatavhandling

! Examensarbete

! C-uppsats

! D-uppsats
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