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Nicklas Bergfeldt (nicklas@ida.his.se)

Abstract

This dissertation aims to present a structured overview of the state-of-the-art in

cooperative robotics research. As we illustrate in this dissertation, there are several

interesting aspects that draws attention to the field, among which ‘Life Sciences’ and

‘Applied AI’ are emphasized. We analyse the key concepts and main research issues

within the field, and discuss its relations to other disciplines, including cognitive

science, biology, artificial life and engineering. In particular it can be noted that the

study of collective robot behaviour has drawn much inspiration from studies of animal

behaviour. In this dissertation we also analyse one of the most attractive research areas

within cooperative robotics today, namely RoboCup. Finally, we present a hierarchy of

levels and mechanisms of cooperation in robots and animals, which we illustrate with

examples and discussions.
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1 Introduction

During the 1990s the interest for multiple, cooperating robots has increased

dramatically. As we will see in this dissertation, this primarily depends on the fact that

cooperative robotics attracts many different disciplines into the same domain and that

the research in cooperative robotics can be used in many ways. In nature, cooperation is

not unusual among animals, which often cooperate to achieve goals that would have

been unreachable otherwise. A very popular species to bring up when talking about

cooperation among animals and insects is ants (Kube and Bonabeau, 2000; Grassé,

1959; Wagner and Bruckstein, 1995). They have been the targets for numerous

researchers and several robot experiments as well as theoretical analyses have been

based on ants and their behaviour. For instance, ants cooperate to bring home food and

building blocks. Another example is related to wild dogs, which are herd animals that

hunt in flocks since the preys they hunt are relatively larger than themselves. It is this

cooperative behaviour that is the reason for researchers to make comparisons and to

take inspirations from animals, and in particular humans, since the cooperation and

intelligence found there seems like a good first step towards artificial counterparts. This

dissertation will present a collection of works from the cooperative robotics field and

which disciplines that can benefit from this area.

First, in Section 1.1, the aims of this dissertation will be stated and in Section 1.3 an

introduction to the cooperative robotics field will be presented. This chapter will end

with an outline of the dissertation, which can be found in Section 1.4.

1.1 Aims of this dissertation

As we will see in this dissertation, there are a lot of contributors and many different

perspectives in the field of cooperative robotics. Hence, it is difficult to form an overall

picture of the field. The aim with this dissertation is to present a structured overview of

cooperative robotics research, with special interest in the fundamental concepts and the

current research topics identified in the field. Additionally, some open research areas

will be suggested and various problems that are still open in the field will also be

presented and discussed. The overview will for instance include some commonly used

concepts and the similarities, as well as the distinction between them, will be

emphasized with respect to other concepts.
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This survey of the cooperative robotics field will include both physical, mobile robots as

well as simulated ones. For instance, the survey will include cooperative robot pushing,

clustering, team games (in particular robotic soccer), exploration, etc. Furthermore, this

survey will also explore software issues of robot groups, for instance ‘awareness’ of

other robots (which is discussed in more detail later in this dissertation). However, this

dissertation will not include issues like human-robot cooperative systems1 or

competitive robots that are run one-on-one, like predator-prey co-evolution2. The reason

for this is simple, since in the case of human-robot cooperation one cannot talk about

cooperative robotics as in cooperation between robots, simply because there is only one

robot. The same argument applies to robot systems that are run one on one; there is no

cooperation involved since there is only one robot in every team.

1.2 Related work

There have been a few earlier surveys of the cooperative robotics field (Cao et al., 1997;

Asama, 1992; Dudek et al., 1993), which address different aspects of mobile

cooperative robotics, but not any of them has covered any research after 1995. Since the

area has so rapidly grown in the last couple of years this dissertation will follow up on

the previous works and extend them with recent research in the field.

1.3 Introduction to Cooperative Robotics

Researchers within the artificial intelligence community had put up a goal that should

be achieved before the year 2000. That was to beat the current human world champion

in chess with a computer program. This goal was achieved in 1997 (cf. Schaeffer, 1997)

and now a new goal has been set:

“By the mid-21st century, a team of autonomous humanoid robots shall beat

the human World Cup champion team under the official regulations of

FIFA.” - (Asada and Kitano, 1999).

1 For this kind of work, see for instance Kuniyoshi and Nagakubo, 1997, where they train a humanoid
robot with visual observation of a human who is performing the desired task. Another article on robot-
human interaction is by Dautenhahn and Werry, 2000, where they discuss the dynamics involved and how
mobile robots can play a therapeutic role in the rehabilitation of children with autism.
2 There are a number of articles that address the issue of competitive robot co-evolution (see for instance
Floreano, Nolfi and Mondada, 1999).
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Nowadays robots are playing soccer in teams against other robots. This is still pretty far

of from humanoid robots but the research is continuing and the first steps towards

soccer playing humanoid robots have been taken (Mataric, 2000; Kuniyoshi and

Nagakubo, 1997; Cheng and Kuniyoshi, 2000). Since 1997 world championship

tournaments in robot soccer have been held annually (Asada and Kitano, 1999), so one

might think that cooperative robotics research already has come very far and that the

area has been investigated completely. However, a closer look at successful teams

reveals that in many cases the robots actually do not really cooperate, but they merely

‘coexist’ in the same physical arena, and in the rare cases where cooperation exists it is

at a trivial level. The cooperation has a long way to go if we intend to give human

soccer players a challenge.

Earlier, most robotics research focused on developing single robots that should

accomplish a certain task. Now, it looks like we have come to a point where the need

for multiple, cooperating robots is increasing. Surprisingly, this can in some cases be

done rather easily; take a couple of “dumb” robots, and put them together. The

individual robots are not capable of performing many tasks but as a colony they can

show a more intelligent behaviour (Parker, 1999; Werger, 1999; Kube and Zhang,

1997). This is much like the behaviour we see in ants; a single ant may seem to be very

random in its behaviour and has apparently no goal in life, whereas an ant colony can

accomplish rather intelligent things together (Kube and Bonabeau, 2000).

We can relate the above advantage to humans, who often cooperate in many and varied

ways; they help each other to accomplish goals that could not have been achieved

otherwise. The cooperation humans are doing with other people often involves

exchanging resources for mutual benefit. For instance, one person cannot move a piano

a very long distance but if there are four people helping each other, they can. In the long

run this may be seen as a form of mutual benefit since the participating humans at a

later time may request help back. This of course also applies to robots, as well as the

aspect that more agents can together accomplish goals that otherwise would have not

been feasible (Kube and Bonabeau, 1997). With all of this in mind it is easy to see that

cooperation among robots can be very beneficial to accomplish. However, the number

of articles that address this is growing rapidly and thus the necessity for an overview of

the field of cooperative robotics becomes more and more increasing.
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In this dissertation, we present an overview with detailed examples of what has been

done and what techniques are being used in the field. Common concepts regarding

cooperation among mobile robots will also be listed and analysed. This dissertation will

identify areas in cooperative robotics where there has been little work done yet.

1.4 Dissertation Outline

In Chapter 1 an introduction to the field of cooperative robotics is presented along with

the aims of this dissertation. Chapter 2 will give an overview of some of the different

perspectives found in cooperative robotics research along with a motivational

background for doing this kind of work. In Chapter 3 we present some of the most

commonly appearing concepts in the cooperative robotics literature and various

definitions of those will be stated. A taxonomy of the current research field is presented

in Chapter 4, and in Chapter 5 we discuss what it is that has been done in the

cooperative robotics field and what seems to be missing. We also emphasise the

contributions of this dissertation.
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2 Perspectives on Cooperative Robotics research

This chapter will present some examples where the common ground is cooperative

(mobile) robotics. As we will see in this chapter, there are many different disciplines

involved in cooperative robotics research, e.g. biology, engineering, cognitive science

and AI. In this chapter we will present a couple of examples from each discipline, and

the link to cooperative robotics will be emphasized.

We roughly see the field of Artificial Intelligence, and in particular the field of

Cooperative Robotics, as two major interest areas; namely so-called ‘Life Sciences’ and

‘Applied AI’. According to Pfeifer (1995) there are two main motivations for AI

research: firstly that of science, the understanding of natural systems, and secondly that

of engineering, the concern of building ‘useful’ systems. Similarly, we can distinguish

between cooperative robotics research motivated by the cognitive science, biology,

ethology, etc. which is mostly concerned with the use of robots as tools in the

investigation of the mechanisms underlying animals’ collective behaviour. Secondly,

we can distinguish another group that is more concerned with building ‘useful’ systems,

namely applied or engineering-oriented cooperative robotics research. However, the

engineering-oriented systems may never the less certainly be inspired by ‘Life Sciences’

but the main concern is still that of engineering and not biological or cognitive

plausibility.

‘Life Sciences’ are mostly concerned with biological and cognitive plausibility in their

systems whereas ‘Applied AI’ mostly are concerned in building ‘useful’ systems.

However, the usefulness should not be disregarded in ‘Life Sciences’ even if that is

often just a side-affect of the primary goal. The examples that will be presented are only

there to point out that cooperative robotics can attend so many different disciplines. The

reader should thus note that the examples are not fully described (for more details we

refer to the original articles). What we will see from these examples is that since there

are so many different disciplines involved in this research area, there is some degree of

conceptual confusion and that the approaches and goals can tend to be quite different.

First some low-level, basic behaviour is analysed and then we go on with more complex

forms of cooperation activities like language evolution (we try to present the

experiments in an order that is somewhat easy to manage, since the order in a way
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reflects the complexity in the different experiments). From the small overview presented

in this chapter, we will see that the field is very dispersed and that many different

disciplines have a lot to gain when using cooperative robotics (and probably, this is why

they use it).

This chapter is divided as follows; first some examples of work from different

disciplines in the field will be presented, followed by a discussion of the important

issues in the different disciplines that are related to cooperative robotics. In Section 2.1

various works that are biologically or cognitively inspired will be presented. In Section

2.2 a more practical example will be presented that is more related to engineering-

oriented cooperative robotics, and in Section 2.3 a short summary of this chapter will be

presented.

2.1 Biological and Cognitive plausibility

As mentioned above, much cooperative robotics research is motivated by cognitive and

behavioural sciences and are concerned with understanding the behaviour of living

organisms and its underlying mechanisms. This section briefly illustrates some works

investigating principles of natural collective behaviour in robotics experiments and this

will illustrate some of the usefulness of cooperative robotics for disciplines like for

instance cognitive-, biology- and behaviour sciences.

The following sections will include some examples that deal with cooperative robotics

in some way and where the main goal with the systems is not purely engineering-

oriented. First, in Section 2.1.1, the concept of stigmergy is introduced and briefly

described (a more detailed description along with a discussion about the concept can be

found later in the dissertation). This stigmergy example reflects some very low-level

behaviour seen in, for instance wasps, ants and bees. Since stigmergy is a very common

cooperative mechanism that is often found in nature, it is not surprising that much

research has addressed this. Two important research areas in cognitive- and behaviour

sciences is imitation and language (Dautenhahn, 1995) and in Section 2.1.2, some

imitation examples are described and some language related examples are presented in

Section 2.1.3.
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2.1.1 Stigmergy

In research related to cooperation among robots, many parallels are made with different

animals and how they use cooperation to achieve different tasks. Animals can be very

intriguing and from simple behaviour, complex cooperation can emerge.

Grassé first defined the concept of stigmergy in 1959, when he was studying nest

building in a colony of termites. Beckers et al. later (1994) defined stigmergy as

follows:

“The production of a certain behaviour in agents as a consequence of the

effects produced in the local environment by previous behaviour.”

Stigmergy is a notion for changing something in the environment and that the change

then affects another agent.

Stigmergy is also called “cooperation without communication” by some researchers

(e.g. Beckers et al., 1994) because the cooperation achieved is not based on direct

communication but rather some indirect variant of communication that uses the

environment to transfer the messages from one agent to another. For instance, one agent

may move a box and another agent notices that the box has been moved and reacts to

that.

Several robotics researchers have used the concept of stigmergy in their research (e.g.

Beckers et al., 1994; Kube et al., 2000). In one experiment by Beckers et al. (1994) a

group of mobile robots should gather 81 randomly distributed objects. The robots in this

experiment used stigmergy in the sense that when one robot moved an object, that

affected the others’ behaviour since they sensed the object at a new position.

Another experiment that has been conducted along the lines of stigmergy is a work by

Kube et al. (2000) where multiple mobile robots are used to accomplish cooperative

transport. In this particular experiment the robots’ task is to move a large box towards a

lightened area. The box that the robots shall move is too heavy for one robot to push and

it is thus required that several robots push the box simultaneously from the same

direction, in order to make the box move. Here the robots sense when the box is being

pushed in one direction and reacts on that, as well as on other sensing in the

environment (like for instance light change). The environment is intentionally

constructed this way because cooperation is of concern here and by doing this, the
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robots must cooperate in order to accomplish the task. This kind of cooperation can also

be observed in for instance ants (Kube et al., 2000), where they cooperate when

transporting a large and heavy prey.

With these examples in mind it is easy to understand that cooperative robotics can aid in

biological research in that way as when trying to investigate the cooperation seen in for

instance some insects. If we observe the cooperation in nature and then try to build a

model based on those experiences, the model and the hypotheses can be validated by

simply building our own colony of robots and then investigate the cooperation seen

there.

2.1.2 Learning by Imitation

In cognitive research and behaviour sciences, one major area involves research

concerned with social skills, such as imitation (Dautenhahn, 1995; Billard and

Dautenhahn, 1999). Billard and Dautenhahn use imitation to train a group of agents in a

simulator. In previous articles by Billard and others, they trained a single robot with

imitation so that the robot would learn the vocabulary of the robot teacher. The

vocabulary contained words that could be used to describe the surroundings and the task

for the learner robots were to be able to use this vocabulary to describe the surroundings

of the robot. Several experiments have been done regarding for instance perception of

objects (Billard and Dautenhahn, 1998) and internal perceptions of movement and

orientation (Billard and Hayes, 1998) and inclination (Billard and Dautenhahn, 1997).

In those experiments there was only one learner and one teacher and the hypothesis was

that this would scale up to several learner robots.

In the environment used by Billard and Dautenhahn (1999), there were one teacher

robot and eight learner robots and the task for the teacher robot was to teach all learner

robots its vocabulary (i.e. the correct association between phrases that describes the

environment and corresponding sensory input). All robots wander around in the

environment and the teacher describes the surroundings as they walk (see Figure 1 for

an illustration of the simulated environment). In the environment, there are areas that

have different colours and the learned vocabulary could be used to distinguish the

different areas by location and colour. During a second experiment the robots used the

learned vocabulary to investigate a large area. The robots would wander around in the

environment and when coming across a coloured patch they would tell the other robots
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of its location and colour. In this way the robots covered a larger area by cooperation

that would have been possible with one robot in the same time.

Figure 1 - Agents in Simulator used by Billard and Dautenhahn (1999). With courtesy of Billard.

Here we see that cooperative robotics can be very useful when investigating cognitive

and behaviour aspects like imitation and learning.

2.1.3 Language

Another major area in cognitive research involves research on language, including its

origin and evolution through time. In more recent years, some research has been

focusing on physical, mobile robots that communicate with each other in an

environment by using some sort of language (Billard and Dautenhahn, 1997; Steels and

Vogt, 1997; Vogt, 2000). Some research that has been done in this area lately is focused

on letting the robots evolve their own language (see for example Steels, 1996; Steels

and Vogt, 1997; Vogt, 2000) from the perceptions that the robot gets from its

surroundings and by communication between robots in the colony. This research is

focused on the hypothesis that languages emerge from cultural evolution, and is not

purely genetically determined. Other research is based on supplying one robot with a

language and then the other robots in the colony should learn from that robot (see for

example Billard and Dautenhahn, 1997; Billard and Hayes, 1998; Billard and

Dautenhahn, 1999), and from this teacher-learner scenario, the colony of robots will

evolve a common language and thus a common understanding of their environment.
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Steels and Vogt have done some experiments with a couple of physical, mobile robots

(see for example Steels, 1996; Steels and Vogt, 1997; Vogt, 2000). In the experiment

from 1997 the main research interest was focused on how language can become

common in a group of individuals using so-called adaptive language games. The game

used in their experiment was a naming game. The robots walked around in an enclosed

environment and when two robots found each other the game started. The robots should

then focus on an object in the environment and ‘talk’ about this, i.e. agree on a common

word for that object. When the robots have agreed on what word to use for this object

they scatter and try to find other robots. In this experiment physical, mobile robots

where successfully used to investigate two fundamental questions regarding the origins

of cognition (Steels and Vogt, 1997):

“(1) How can a set of perceptual categories (a grounded ontology) arise in

an agent without the assistance of others and without having been

programmed in (in other words not innately provided).”

“(2) How can a group of distributed agents which each develop their own

ontology through interaction with the environment nevertheless develop a

shared vocabulary by which they can communicate about their

environment.”

In this example we easily see the usefulness of cooperative robotics when investigating

social and cognitive aspects like language evolution, and how it may be possible to

learn representations of objects in the world.

2.2 Engineering-oriented Cooperative Robotics

There are a lot of works that do not really care about biological or cognitive plausibility,

but the main concern here is to make the robots complete the task in time (cf. ‘Applied

AI’). In this section we will give an example of such a work. Donald et al. (2000) use

three cooperating robots to manipulate and wrap a rope around three boxes in various

ways and the main concern here is not biology or cognitive plausibility, but merely

achieving the goals.
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Donald et al. performed three different experiments with the robots:

Binding: Tying a rope around the boxes (see Figure 2).

Figure 2 - Three robots tying a rope around three boxes, redrawn from Donald et al. (2000).

Flossing: Affecting rotations of the tied boxes by pulling the rope in various ways (see

Figure 3).

Figure 3 - Two robots rotating three boxes, redrawn from Donald et al. (2000).

Ratcheting: Affecting translations of the tied boxes (i.e. moving the tied boxes along a

straight line, see Figure 4).

Figure 4 - Two robots moving three boxes, redrawn from Donald et al. (2000).
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In these experiments the aim is not the cognitive or biological plausibility, but merely

the aim of achieving the specified task reliably. The steering mechanism used in these

experiments is purely mechanical and there is no learning in the system (to solve the

task that is not necessary). However, the cooperation used in this task is necessary for

the robots to be able to accomplish the goals.

2.3 Summary

As shown in the previous sections, the use of physical, mobile robots can be used in

many different ways and with a lot of different intentions. There are many different

disciplines that come together in the mobile, robotic domain. For AI researchers it is an

intriguing and challenging domain to make the robots cooperate and to make them solve

the tasks that are put before them, and as mentioned before, in some cases it may be

necessary to have the robots cooperate. Cognitive scientists can use this domain to find

out, for example, how language can evolve and how / why and when cooperation is

established between different agents. Moreover, they can use robots to model

underlying mechanisms for intelligent behaviour and thus test different hypothesis about

various cognitive aspects. Obviously, when dealing with robotics, there usually are

robots, and thus engineers have the opportunity to both build robust robots and to

engineer new and better technology for building robots. Of course, since this is actually

a real-time domain, real-time researchers also can be interested in this, as well as others

can benefit from algorithms and solutions from the real-time domain. Finally, biologists

can use this domain to test theories and hypotheses about animal behaviour in certain

contexts. As we can clearly see, the cooperative robotics domain can very well attract a

lot of different researchers from different disciplines.
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3 Key concepts

This chapter presents some of the concepts that were found in the cooperative robotics

literature. As mentioned before, the cooperative robotics field is very dispersed (since

there are so many and different disciplines involved) and this will become very clear in

this chapter. The various definitions will be discussed and related to other definitions of

the same concepts and the similarities, as well as the distinction between the concepts,

will be emphasized with respect to other concepts.

First, in Section 3.1 the distinction between a distal and a proximal view will be

discussed. Then in Section 3.2 the concepts of cooperative and collective behaviour are

discussed and the distinction between these two concepts are emphasized. In section 3.3

different levels of communication and their complexity is presented. Section 3.4 brings

up the issue of awareness among robots and the chapter is ended with Section 3.5 where

some social aspects in cooperative robotics are discussed.

3.1 Distal and Proximal view

The distinction between a distal and a proximal view (cf. Sharkey and Heemskerk,

1997; Harnad, 1990; Nolfi, 1997) is quite important to realise when dealing with

cooperative robotics. Since the facts that are being considered when looking from a

purely distal view is only what can be observed from the outside, the real underlying

mechanisms may be neglected.

From a distal perspective it may seem as the robots are cooperating, but when analysing

the underlying mechanisms it becomes clear that the robots maybe for instance have no

notion of the other robots in the environment, and can thus not be aware of any team

members, even though it looks like that is the case. The robots only act as if they were

aware of each other; actually they are not (cf. Melhuish et al., 1999).

In most works the concepts of, for instance, social- and cooperative behaviour have

been defined from a distal perspective. All that has been done is that the researchers

have observed the robots from the outside and then drawn the conclusion that the robots

are cooperating or that they are performing social interactions with each other. Then

again, since we yet only can observe human social behaviour from the outside it

becomes clear that defining what social behaviour is and then saying that these robots



3 Key concepts Cooperative Robotics: A Survey

- 14 -

are interacting socially is very hard, since it is hard to say what it really is (at a proximal

level) to socially interact among humans.

3.2 Cooperative and Collective behaviour

What is cooperative behaviour and is there any distinction from collective behaviour?

When we say that a group of agents are cooperating, then what do we really mean –

what is it to have collective behaviour in a group of agents?

The distinction between cooperative and collective behaviour seems to be a little vague

or somewhat ambiguous in the literature. Some researchers speak of collective

behaviour (e.g. Beckers et al., 1994) when others would have called it cooperative

behaviour (e.g. Kube and Bonabeau, 2000) and this could lead to misunderstanding in

some cases since we believe (and other researchers with us, e.g. Cao et al., 1997;

Touzet, 2000) that there is a quite noticeable distinction between these two concepts.

Cooperative behaviour can be seen as a subclass of collective behaviour, which has

some specific attributes that do not exist in its superclass collective behaviour. What

these specific attributes are that distinguishes cooperative behaviour from collective

behaviour depends on which author you ask, for instance Cao et al. (1997) state the

following regarding cooperative behaviour:

“Given some task specified by a designer, a multiple-robot system displays

cooperative behavior if, due to some underlying mechanism (i.e., the

“mechanism of cooperation”), there is an increase in the total utility of the

system.” – (Cao et al., 1997)

It may be argued that this definition is a little vague since the authors speak of “some

underlying mechanism”, i.e. “the mechanism of cooperation”, which is not discussed in

the definition. However, they do mention earlier in the article “Cooperative behaviour is

a subclass of collective behaviour that is characterised by cooperation” but this still does

not give a satisfying definition of cooperative behaviour. They say that cooperative

behaviour intuitively should give some performance gain over naive collective

behaviour and this seems to be the key issue in most definitions.

Regarding the “mechanism of cooperation” Cao et al. (1997) state the following:
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“The mechanism of cooperation may lie in the imposition by the designer of

a control or communication structure, in aspects of the task specification, in

the interaction dynamics of agent behaviors, etc.” – (Cao et al., 1997)

Thus, Cao et al. mean that it may be the case that the designer of a cooperative robotics

system is enforcing the cooperation by introducing some sort of control structure or by

defining the task in a certain way as to impose cooperation. These design choices will

thus have an impact on the cooperation being performed by the system and to what

extent this cooperation will emerge, and thus in the end it is the designer who controls

what kind of cooperation that is being performed by the system and in what way this

cooperation is being manifested.

Mataric (1994) gives the following definition of collective behaviour and by this states

that it is only an observer-subjective definition:

“Collective behaviour is an observer-subjective definition of some spatial

and/or temporal pattern of interactions between multiple agents.”

This can be related to Brook’s “Intelligence is in the eye of the observer” (Brooks,

1991), and in this particular case the observer see some interaction between the agents

and draws the conclusion that this is collective behaviour, all from a distal perspective

(cf. Section 4.1).

In order to explain cooperation Mataric (1994) gives the following definition:

“Cooperation is a form of interaction, usually based on communication.”

It can be argued that Mataric’s definition of cooperation is rather vague, since the

definition is based on two other not-well-defined concepts (namely “interaction” and

“communication”). Mataric has defined these concepts in her thesis but even with those

additional definitions the meaning of cooperation is still vague. Mataric tries to explain

the definition by further divide the concept of cooperation into two sub domains:

• Explicit cooperation – is defined as a set of interactions, which involve

exchanging information or performing actions in order to benefit another agent.

• Implicit cooperation – is defined as a set of actions that are part of the agent’s

own goal-achieving behaviour repertoire, but have effects in the world that help

other agents achieve their goals.
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With these additional definitions of cooperation it is now easier to see the similarity

with Cao et al. (1997). According to Mataric the agents cooperate when they benefit

other agents (i.e. help them achieve their goals, intentionally or unintentionally) and if

the agents goals are fulfilled faster then the performance of the system would naturally

increase. Thus, from Mataric’s definition of cooperation we see that it is based on

performance gain as with Cao et al. (1997).

Surprisingly to some, in the cooperative robotics literature the definition of cooperation

and collective behaviour is very sparse. If this is due to that these concepts are in fact

well defined and commonly understood in the community, then that does not show in

any of the articles that we have surveyed. Jung and Zelinsky (2000) make a rather

interesting comment regarding cooperation, it is only a “label for a human concept” and

it only refers to a category of animal behaviour and that humans have made the category

up. Jung and Zelinsky does not state anything about what cooperation is, but they do

however discuss the relation between communication and cooperation and state that

those two concepts are closely tied:

“Communication is an inherent part of the agent interactions underlying

cooperative behaviour, whether implicit or explicit.”

Jung and Zelinsky (2000) divide the notion of cooperation into terms of communication,

which they in turn divide in several sub categories. According to Jung and Zelinsky

(2000), cooperation and communication is very closely tied, and thus the explanation of

cooperative behaviour resides in the definitions of communication. Jung and Zelinsky

classify communication into four categories and then use that classification to examine

some examples of cooperative behaviour seen in some biological systems (see Section

3.3 for a more detailed discussion about these categories).

In the cooperative robotics literature, the usual approach is to let cooperation include

everything that is cooperative from a distal perspective (regardless of what the internal

states are in the individual agents, and thus awareness of the cooperation is often not

discussed). Furthermore, there are not many attempts in trying to define what it really is

to cooperate. One thing that is very common though, is that many researchers (see for

instance Grassé, 1959; Kube and Bonabeau, 2000; Jung and Zelinsky, 2000) compare

different levels of cooperation with the different kinds of cooperation seen in nature

among for instance animals and insects.
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Although definitions of cooperation seem to be a little different, the main idea

underlying the different definitions seem to be based on the simple measure of

performance gain. If there is an increase in performance, compared with simple and

naive collective robotics, then the system is said to cooperate.

Cooperation seems to be hard to define precisely, and in many articles where it is used

there are no definitions at all. The cooperative behaviour that is mostly referred to in the

literature is when the authors of the articles say that the agents cooperate, not according

to any specific definition but just that they think that the agents cooperate, thus agreeing

with Mataric’s (1994) subjective view as mentioned earlier (of course there are several

definitions which were discussed in this section, we only want to stress that definitions

of cooperation and collective behaviour are surprisingly sparse in the literature).

Despite the differences in the definitions, the relation between the two concepts

cooperative and collective seems however to be commonly understood, cooperative

behaviour is seen as a subclass of collective behaviour. Thus, there is some additional

agenda that have a positive impact on performance when dealing with cooperative- and

not purely collective robotics.

3.3 Communication - Stigmergy and Language

Many articles use some sort of communication in their experiments, and since

communication is the most common means of interaction among intelligent agents

(according to Mataric, 1994), this is not surprising. Many researchers have proposed

classifications for the types of communication found in biological and artificial systems

(see for instance Arkin and Hobbs, 1992; Dudek et al., 1993; Balch and Arkin, 1994;

Kube and Zhang, 1994; Cao et al., 1997; Mataric, 1997; Jung and Zelinsky, 2000). The

complexity of the communication found in various works is rather different and varies

quite a lot. Some articles only use the simplest forms of interaction between agents (i.e.

stigmergy) to achieve their goals, whilst others try to have their robots learn to

communicate about different objects, physical impacts and even representations of other

robots actions and intents.

Cao et al. (1997) characterise the following three major types of interactions that can be

supported by a multi-robot system:
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• Interaction via Environment – is the simplest, most limited type of interaction

that occurs when the environment itself is the communication medium, and there

is no explicit communication or interaction between the agents. This is also

called stigmergy by other researchers.

• Interaction via Sensing – is the local interactions that occur between agents as a

result of agents sensing one another, but still without explicit communication. Of

course this kind of communication requires the agents to be able to distinguish

between objects and other agents in order to be able to react accordingly.

• Interactions via Communication – is the explicit communication with other

agents. The agent knows that it is sending some message but it does not have to

know the recipient(s) – they may be known in advance but that is not necessary

for this kind of communication. Here the agent knows that it is sending some

message but whether or not this implies the intent to communicate is still an

open issue.

Mataric (1994) divided the notion of communication into two sub domains:

• Direct communication – the communication is directly aimed at a particular

receiver(s), which is/are identified.

• Indirect communication – is based on the product of other agents’ behaviour and

this is often called stigmergy by other researchers.

Mataric’s ‘Indirect communication’ is actually identical with ‘Interaction via

Environment’ presented by Cao et al. (1997), the only thing that differs is the choice of

words. However, Mataric’s ‘direct communication’ is actually more specific than the

highest level presented by Cao et al. since Mataric requires the receiver to be known in

advance, and hence it can be argued that Mataric’s definition of direct communication

requires a higher level of complexity by the agents and that the intent of sending a

message to a specific receiver is somewhat more present.

Jung and Zelinsky (2000) define communication as follows:

“A communicative act is an interaction whereby a signal is generated by an

emitter and ‘interpreted’ by a receiver.”
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The complexity of interpreting a message can of course vary much between different

agents and Jung and Zelinsky also discuss this in their article. They split up

communication into the following four characteristics and the complexity of the

interpretation is included as the fourth category:

• Interaction distance – The distance between the involved agents.

• Interaction simultaneity – The period between the signal emission and reception.

• Signalling explicitness – This is an indication of how much the emitter is

changing the signal (e.g. due to an evolved or learnt behaviour or just an implicit

signal emission).

• Sophistication of interpretation – This is an indication of the complexity of the

interpretation process that gives meaning to the signal (e.g. it is possible that a

signal can have very different meaning to the emitter and receiver).

Billard and Dautenhahn (2000) state a somewhat more straightforward definition of

communication:

“… two agents are communicating once they have developed a similar

interpretation of a set of arbitrary signals in terms of their own sensor

perceptions.”

This statement can be related to Jung and Zelinsky (2000) where they state that a signal

is interpreted by a receiver and this interpretation should, according to Billard and

Dautenhahn (2000), result in a similar categorisation both in the sending agent and the

receiving. However, when also considering Jung and Zelinsky’s (2000) ‘Sophistication

of interpretation’ this becomes more ambiguous, since they state that the emitting agent

and the receiving agent could very well interpret the signal differently. But this

contradicts Billard and Dautenhahn’s (2000) statement, since they think that the two

agents should achieve a similar categorisation of the set of sensory perceptions.

As mentioned earlier in this section there have been many attempts to categorize the

notion of communication into various levels and the result of these efforts has been a

number of rather different categorisations, although still with a common notion of

something that is being transmitted between two or more agents. However, it is easy to

see the common low-level in almost every categorization: stigmergy. This category is

often included as the lowest level in some form.
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3.4 ‘Awareness’ of cooperation

The issue about whether or not the robots are aware of the cooperation being performed,

or the awareness of other team members, is very rarely discussed or even mentioned.

What is it to be aware of cooperation and is it beneficial in some way to be conscious of

other team members and what they can achieve in different situations, or is that just not

necessary?

As we will see later in this section, there are some articles that do performance

comparisons and the results are unambiguous: awareness should be addressed in some

way, since even with very simple forms of awareness the performance gain could be

noticeable (of course this depends on the task being performed by the robots but the

possibility of awareness among the robots should always be in the mind of the designer

of the system).

The awareness issue is often somewhat overlooked and often the robots are expected to

see other robots as obstacles rather than team mates. However, there are some articles

that address the issue of awareness of cooperation (or awareness of other robots in the

environment, as most of the researchers implement it).

Mataric (1992) shows that the ability to distinguish between other robots and the rest of

the objects in the world provides an advantage when training robots. Mataric divides the

notion of recognising other robots as robots into three different levels:

• Ignorant Coexistence - The robot in question thinks it is the only robot in the

environment; all other robots in the environment are treated as obstacles. This is

the simplest case of coexistence and it is very common in the cooperative

robotics literature (see for instance Beckers et al., 1994; Cao et al., 1997; Kube

and Bonabeau, 2000). Everything that the robot encounters in the environment

are treated as obstacles (e.g. walls) and this in particular applies to other robots.

• Informed Coexistence - The robots have the ability to sense the presence of each

other, i.e. to discriminate between two types of objects in the world: obstacles

and other robots. With this form of coexistence there can only be reactive

behaviour upon sight of other robots, when the other robots leaves the field of

vision the concept of those robots is no longer available.
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• Intelligent Coexistence - This is an expanded version of the Informed

Coexistence. In this case the robots not only sense other robots in front of them

(i.e. in their field of view) but also within a specified radius all around the robot

(Mataric (1992) used a radius of 36-inch). This case of coexistence thus includes

the ability to have an internal representation of other robots in the environment

(although only within a specified radius), since the robots do not have to be

directly in front of each other in order to be recognised. This can be seen as a

simplified variant of the ability humans have to internally represent a person in

the room, even if we close our eyes we know that the person is still there. In this

case the internal representation is managed and simplified by adding extra

sensory information. It may be argued that the so-called ‘intelligence’ here is

nothing more than additional sensory inputs and that one might have expected a

little more advanced level of awareness in the level called ‘Intelligent

Coexistence’, but on the other hand it may be argued that the resulting behaviour

can be seen as more sophisticated than purely ‘Informed Coexistence’.

Besides Mataric’s article there are not many articles that address the issue of

recognising other robots, nor the ability to be aware of the cooperation in progress.

However, there is another article that addresses a similar issue and where the results are

somewhat similar. Parker (1995) investigates how awareness of team members actions

can affect performance in a group of mobile robots and the results point in the same

direction as Mataric’s; the more the robots are aware of each other’s presence and

actions the more beneficial for the whole task. The results that Parker presents show that

it may be more beneficial however to increase the number of robots instead of just

adding awareness of other robots in the group. Of course this depends on the task and

thus the designer of such a robot system should think about what would be more

beneficial for the particular task – awareness or just adding more robots.

Parker used a puck-moving mission to investigate the impact of robot awareness of

team member actions. The task for the robots is to move all pucks to the desired final

position as fast as possible.
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Figure 5 - Environment used by Parker (1995), with courtesy of Parker.

To address the issue of awareness in the robots Parker used communication as a means

for the robots to sense each other and to be able to exchange information about certain

positions. Thus, when considering and comparing with non-aware robots the ability to

communicate was the only thing that was different. A number of comparisons were

made between these and other groups and the results were unambiguous; awareness

increased the performance in all cases (for this particular task).

Touzet (2000) takes another approach to implement awareness and uses the ability to

sense the other robots. With this Touzet wanted to emphasise the fact that a robot may

become aware of a team member’s actions without the use of any explicit

communication, for instance through passive action recognition. Touzet shows that

awareness of other robots can be used instead of communication to achieve better

performance when trying to cover a large search space.

But if (according to Parker, 1995) communication can be used to achieve awareness,

and (according to Touzet, 2000) awareness gives better performance than only using

communication, then the communication that Touzet speaks about must be very limited

since it obviously cannot achieve awareness. From this it is easy to deduce that Touzet

does not think that the ability to communicate is a sufficient prerequisite for awareness.

Furthermore, Touzet states that awareness is necessary when dealing with cooperative

robot learning (there are other researchers that state that awareness is not a necessary

condition for cooperation, see for instance Jung and Zelinsky, 2000). Touzet gives the

following definition of awareness:
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“Awareness encompasses the perception of other robot’s locations and

actions”

If we compare this definition with Mataric’s “Informed Coexistence” or ‘Intelligent

Coexistence’, we see that they are practically identical (since Touzet does not mention

anything about a field of vision, just ‘…the perception of other robot’s locations and

actions’) and thus this awareness can be related to purely reactive behaviour based on

the environment as well as other robots as some sort of triggers for different behaviours.

Touzet confirmed the mathematical statements using simulation and he stated that this

does neither impact on the legitimacy for awareness in cooperative robotics, nor the

generality of the method.

Figure 6 - Four awareness levels, with courtesy of Touzet.

Furthermore, Touzet presents the following four different levels of awareness. These are

illustrated in Figure 6, which shows the difference in how much information each robot

gets in each time step. The number of sensors used to perceive the world situation is

represented by ‘n’ and ‘N’ is the number of robots in the environment. A fixed set of

additional inputs (‘δ’) was used to represent the knowledge about all the other members

of the group. Since the amount of additional information to consider can grow very

large when considering all the other robots sensory information, a more simplified

variant was represented by ‘σ’. This is a set of additional inputs where the number of

extra inputs is lower than using all sensory information from the other robots, this could

for instance be the speed and direction of the other robots. The four levels of awareness

are presented from left to right (as seen in Figure 6).

• No awareness - This is the simplest case and all interactions are made through

the environment (cf. stigmergy). Although no robot is aware of the other robots

in the environment, they still act as if they were aware of each other. Here the

only input the robot gets is its own sensing of the environment.
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• Restricted awareness - Here the robots have a fixed set of additional inputs to

represent knowledge about the other members of the group (how to obtain such

knowledge was not discussed in the article).

• Awareness of all - On this level all robots are taken into account, but the amount

of input from other robots that is considered is reduced. In the example by

Touzet, only mobile robots were used and thus orientation and distance to other

robots were used as additional inputs, in addition to the ordinary sensory

information used to perceive the environment.

• Complete communication - This is the most advanced and complex level of

awareness and here the objective is to get as much information as possible from

the other robots in the environment. This is obtained by sharing a number of

inputs of the other robots and thus the robot get as additional input all the other

robots sensing of the environment.

It may be argued that the awareness defined by Touzet (2000) is very different from the

kind of awareness presented in the other examples. The kind of awareness stated in the

definitions is somewhat biologically acceptable (that a robot should be able to become

aware of a team member’s actions without any use of explicit communication). This can

be related to humans, they can certainly be aware of another person’s actions without

that person telling them anything about it. However, the awareness presented in the

examples is rather different. There the implementation of awareness is achieved by just

adding extra inputs to the robots and if we look among animals that are aware of each

other and each other’s actions then it is safe to say that they do not share any sensory

information with each other in the same way that is presented in these examples. If we

again compare with humans, then it is easy to understand that we do not get extra

information about what another person actually sees; we can only internally simulate

what we believe that person sees.

It has been shown in a couple of articles that the awareness of other robots in the

environment very well could be beneficial for the performance (see for instance Parker,

1995 or Touzet, 2000). There are however a couple of different approaches of how to

make the robots aware of each other, as we have seen in this section.
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3.5 Social Robotics - Social Behaviour

In the cooperative robotics community there nowadays seem to be an increasing interest

for ‘social activities’ and ‘social behaviour’ within robot societies. What do we then

mean with ‘social’, the few definitions in the cooperative robotics literature are not very

precise, where they do exist at all. One thing that seems to be commonly understood

(although it may seem a little trivial) is that social behaviour requires more than one

entity (i.e. in this case when considering social robotics, there must be at least two

robots). If we, for instance, look in ‘The Concise Oxford Dictionary’ the definition of

‘social’ is as follows:

“Living in companies or organized communities; not fitted for or not

practising solitary life; interdependent, co-operative, practising division of

labour; existing only as member of compound organism, (of insects) having

shared nests etc., (of birds) building near each other in communities”

This seems to be a very broad definition but since there are few definitions in the

cooperative robotics literature, it must be the case that the researchers in the community

are accepting this commonly understood definition. Hemelrijk (1997) states the

following about social behaviour:

“… any study trying to explain the complexity of social behaviour should at

the same time ask what part of it must be coded explicitly as capacities of

the individuals and what part is determined by interactions between

individuals.”

This illustrates the key issues with social behaviour, where is the social interaction

taking place and what is it? The social behaviour could be inside the agents or between

the agents, or maybe more possibly both inside and between.

Billard (1997) states:

“Communication is a social skill and as such would be desirable for

artificial autonomous agents that may be expected to interact with other

agents or humans”

Here communication is a social skill and in the experiments letting a teacher learn

another robot, rather than studying how communication can be used to establish a

relationship between the two robots constructs a ”social relationship”. Thus, the term
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‘social’ here includes teaching of another robot and apparently this constitutes a ‘social

relationship’.

Billard and Dautenhahn (2000) state the following regarding social interactions:

“… communication is an interactive process between the two

communicative agents and as such is a social interaction.”

In this statement we can see that an interactive process between two agents is a social

interaction (according to Billard and Dautenhahn, 2000) and in this particular case the

social interaction includes communication.

However, the statement by Billard (1997) can be related to Dautenhahn (1995) where

Dautenhahn state that the investigation of social intelligence may be a necessary

prerequisite for those scenarios in which autonomous robots are integrated into human

societies. Dautenhahn states that ‘social skills’ cannot be defined as the ‘rational

manipulation’ of others but are strongly related to individual feelings, emotional

involvement and empathy. Dautenhahn further states that social intelligence might be

interesting even if the robots are used in applications where they are nearly all the time

dealing with non-social tasks since this would benefit the whole learning process. Based

on results from the study of natural societies and especially influenced by the social

intelligence hypothesis (which derives from primatology research and states that

primate intelligence originally evolved to solve social problems and was only later

extended to problems outside the social domain; see Chance and Mead, 1953; Jolly,

1966; Humphrey, 1976 and Kummer and Goodall, 1985 for details), Dautenhahn

formulates the following issues that should be addressed when designing social multi

robot systems:

• Robots should, comparable to the normal development of a human child, ‘grow

up’ in a social context. Dautenhahn means that research aiming at the

development of intelligent artefacts should not only focus on solving problems

with the dynamics of the inanimate environment, but it should also take into

account the social dynamics.

• If artificial agents should resemble living beings, they should not have a reset-

button. Dautenhahn argues that artificial agents will never show an elaborated

‘mental life’ if they do not have the chance to have an individual ontogeny like
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all natural agents. Although it is well known that different species develop at

different speeds in nature, little effort has been made to take this into account in

robotics research.

• The embodiment criterion (see for instance Brooks, 1991) is hard to fulfil unless

we do not include the ontogeny of body concepts. Dautenhahn argues that no

robot will ever evolve a concept of a body or personal self, unless the robots

themselves actively use their bodies and develop a kind of ‘body conception’.

Dautenhahn states that there are two mechanisms that are crucial for the development of

individual interactions and social relationships: imitation and the collection of body

‘images’. For imitation, she stresses that it is crucial that the imitation is used as a

‘social skill’ (i.e. the imitator should use imitation to ‘get to know’ the robot it is

imitating, instead of just implementing imitation behaviour in order to let the model

learn a specific task). The collection of body ‘images’ is related to the ‘body

conception’ discussed earlier and she stresses that it is not the mere presence of a

physical body that is necessary.

There seem to be some agreement in the cooperative robotics literature, namely that

social behaviour involves some kind of interaction that should lead to something more

than purely goal-specific accomplishment. Then again, what this actually should

accomplish is yet undefined.
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4 Research areas and issues

This chapter will elaborate on several aspects of cooperative robotics research. A very

large and still growing area of the cooperative robotics field will be described in more

detail in Section 4.1; namely RoboCup (cf. Kitano et al. 1995). Various groups that can

be used to divide systems exhibiting cooperative behaviour have been identified and

will be presented along with clarifying examples in Section 4.2. Additionally, Section

4.3 presents some issues that are specific when considering learning in cooperative

robot groups. In Section 4.4 research areas related to cooperative robotics will be

presented and the chapter ends with a summary in Section 4.5.

4.1 RoboCup

In the cooperative robotics field there is one field that is really growing fast nowadays,

and that is the RoboCup domain. The Robot World Cup Initiative (RoboCup) is an

attempt to advance AI and robotics research by providing a standard problem where a

wide range of technologies can be integrated and examined under similar conditions.

For this purpose, the RoboCup committee has chosen to use robotic soccer, and they

organize an annual world championship (Kitano, 1998).

The interesting thing with RoboCup is that it involves many different disciplines

(including for instance engineering-, real-time-, cognitive-, biology- and computer-

science and of course artificial intelligence research in general) and can thus be used to

help researchers to see other fields and be inspired by other approaches.

Despite the fact that RoboCup may seem very practically oriented, the theoretical use of

RoboCup is very significant (Asada and Kitano, 1999), as we will see in Section 4.1.7.

This section is divided as follows, first some aspects of RoboCup will be presented that

will show how RoboCup could be beneficial for all those disciplines previously

mentioned. Section 4.1.1 contains an introduction to RoboCup, where the ideas and

motivations underlying RoboCup will be presented. After that, in Sections 4.1.2 - 4.1.6,

the different leagues will be described more thoroughly and a discussion about the

current status regarding the cooperation in these leagues will be done. The amount of

cooperation among team mates in the various teams is varying quite much from league
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to league (and of course from team to team), as we will see. In Section 4.1.7 we will see

that the RoboCup domain is not only about robots competing in soccer against each

other but there are also several other areas that are of great concern in RoboCup.

4.1.1 Introduction

Robot World Cup (RoboCup) was proposed by Kitano et al. 1995 where soccer would

be used to have robots compete against each other in teams. The proposal of RoboCup

was intended as a complement to the annually competitions held by the American

Association for Artificial Intelligence (AAAI), where a single robot should solve a

specified problem (see for instance Nourbakhsh, 1993).

The soccer domain was chosen because of the diverse problem areas found there, for

instance various technologies must be incorporated including: design principles of

autonomous agents, multi-agent collaboration, strategy acquisition, real-time issues and

sensor-fusion. Within RoboCup, teams of multiple moving robots can compete against

each other and since it is in a standardized environment, algorithms and approaches can

be compared and evaluated. Of course there are certain rules that imply restrictions but

according to the RoboCup committee these rules should not impact on the research

areas of the domain, but only to insure fair play.

RoboCup offers a wide problem domain, which makes it an interesting one for many

different disciplines (including engineering-, real-time-, cognitive-, biology-, computer

science and of course artificial intelligence research in general); also it forces the

designers to build robots, which reliably perform the task and cope with uncertainty and

noisy environments.

Currently, there are four different leagues in RoboCup (Asada and Kitano, 1999;

Christensen, 1999) and those will be described in the following subsections. There is

one simulation league and a couple of real-robot leagues and the leagues will be

analysed in how they work and what the current status is in relation to cooperative

robotics. Furthermore, a new league will be introduced into the domain till 2002. This

league is called “Humanoid League” and is described in Section 4.1.6.
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4.1.2 Simulation League

In the simulation league the robots are simulated on a computer and separate threads

control the team mates in the game, i.e. there is not a single point of control so the

robots are autonomously controlled, although the same computer controls all robots.

Communication to other robots is allowed and achieved by sending messages through

the server. What the players see (the field of view) is of course also simulated and is

achieved by a message being sent every 300 millisecond to every player. This message

contains information about how far away the robot is from different flags, the goal and

the ball. Along with this information are degrees so the actual positioning of the robot in

the field is left to own calculation, i.e. there is no information in the message about the

robot’s position in the playing field (see Figure 7 for a view of the playing field). As in

real human soccer the team consists of eleven members, one goalkeeper and ten field

players. Beside the ordinary simulator, the RoboCup federation is developing a more

advanced one with “RoboCup Advanced Simulator” as the project name (Asada and

Kitano, 1999). The intent with this simulator is to allow simulation of physical

properties of robots as well as to give a detailed simulation of physical aspects of their

environment like gravity and sensory inputs. The ultimate goal is to allow the

development of software in the simulator and then downloading it onto a real physical

robot, where it should work well with little modification.

Figure 7 - Simulation League.



4 Research areas and issues Cooperative Robotics: A Survey

- 31 -

Major Research Issues

Since this league is simulated, the main research issue here is purely oriented around the

software of the agents, and not to any physical aspects. However, given that the

software actually adds noise to the signals, some consideration has to be made to this in

the incoming data from the “sensors”, but other physical aspects like hardware failure

and slippery floors are not a relevant problem in this league. Because of this, the

researchers can focus more on actual teamwork in their teams (see for instance Stone et

al. 2000), thus addressing issues like passing the ball to a team mate or real-time

adaptation to the opponent’s strategies.

Discussion

The preconditions for this league to perform well, with respect to cooperation among

team mates, is very good since the agents always have information about where the

opponents goal is and the location of team mates can be easily maintained by

communication. Even if there is noise in the data distributed to the agents they still

know that they actually get all the data, maybe noisy but they know that the object in

focus will be there somewhere (in contrast to physical robots, where not all data is

available at all times, as we will see later).

It might be argued that the agents do not cooperate at all. Since they are all run on the

same computer, there has to be a single seat of control that manages all the agents (and

then it cannot be difficult to make the agents “cooperate” since everyone is controlled

from the same location). But in a sense one can argue that the agents are autonomous,

since each agent is controlled by its own thread and perceives its own view of the

environment and reacts upon this in conjunction with own internal states. Thus, one can

argue that we have autonomous agents that cooperate in soccer playing and there is no

single seat of control that manages all the agents.

There are several works that discuss the advantages and disadvantages when using a

simulator to emulate physical robots (e.g. Steels, 1994). For instance, one motivation for

using real, physical robots that is often discussed is the fact that when dealing with

physical robots one must not calculate as much as in a simulator. In a simulator, in order

to make a realistic world model, you must calculate a lot of things; for instance gravity,

sensory responses, line of sight and much more. This makes reality an appealing domain
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since the calculations of these things is already taken care of by the laws of physics.

Another point of view in favour of use of a simulator is of course that one does gain a

lot of time, since running several tests in a simulator usually does not require too much

work (compared with running the same amount with real, physical robots, which often

becomes impossible due to time constraints).

4.1.3 Small Robot League

In this league the robots are physical and they play on a table tennis-sized field. The

game is played with 5 robots in each team and the main restriction is the so called

“18cm rule”, which states that no robot may have a diameter larger than 18 cm, i.e. the

robot must fit in a cylinder with 18 cm in diameter. The robots are allowed to use

wireless communication between each other and/or a single host residing beside the

playing field. The vision systems allowed include both a centrally placed, global camera

and a distributed variant where each robot has its own camera. The type of vision

system used must be announced in advance.

Major Research Issues

Naturally, this league includes physical aspects (for instance faulty sensors, slippery

floor and motor malfunction) since it is a physical league. Beside this, the league is still

quite different from the simulation league. First of all, in this league all robots (often)

use the same camera over the playing field (whereas in the simulation league all robots

got their own view of the field from their own current location in the field) and

secondly, the rules say nothing about autonomous robots (only that no human

intervention can occur) (whereas in the simulation league each robot should be

controlled by a separate thread and that all communications between team mates should

be made through the server). This means that a single program may control all robots in

the Small Robot League, thus eliminating some of the problems found in the simulation

league (e.g. the need to make independent agents to cooperate disappears and is

replaced by the problem of strategic planning for a whole team at a time), while

introducing some new problems when adding the physical aspects.

Because of the issues mentioned above the major research issues in this league are more

concerned with strategic planning of consecutive actions (see for instance Veloso et al.,
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1998a) and of course more individual, mechanical skills like for instance being able to

aim at targets and shooting the ball in a specified direction (see for instance Asada and

Kitano, 1999 or Veloso et al., 1998a). For instance, Veloso et al. (1998a) presents a

vision-processing algorithm that is able to track multiple moving objects and even

predict their trajectories.

Discussion

In the simulation league it could be argued that the robots did not cooperate at all since

it was all run on the same computer, this argumentation can instead apply here. In this

league all robots have one single seat of control (i.e. the same program controls all the

robots) and all robots get the same view from above the playing field. Even if one can

use the distributed vision system according to the rules, there are very few teams that

actually use this type of vision system (for instance, in RoboCup-97 three out of four

teams used the global vision system and in RoboCup-98 it was ten out of eleven teams,

see Asada and Kitano, 1999 and Bräunl and Graf, 1999).

This league is probably designed to be a kind of “in between” and thus are not all issues

addressed here, which we think is good since research not only has to be broad, it also

has to be focused and narrow.

When the global vision system is used the main research issues with this league is more

concentrated on strategic planning within a single unit that has several actuators

available (see for instance Veloso et al. 1998a). But when the distributed vision system

is used the research focuses more on cooperation among several, independent agents

where the individual robots really are autonomous and are capable of making their own

decisions (see for instance Bräunl and Graf, 1999).

4.1.4 Middle Robot League

In the middle league the robots are also physical and the game is played on a field that is

approximately 10 meters long and 7 meters wide. The use of a global vision system is

not allowed in the middle league, which means that every robot in the team must be able

to perceive its own surroundings. Every team can at most have four players, and one of

these must be the goalkeeper. The size restrictions of the robots are usually met if the

robot fits within a circle of 50 cm in diameter. The communication methods are not



4 Research areas and issues Cooperative Robotics: A Survey

- 34 -

restricted in any way, except that no central computer may be used, and of course there

must not be any human intervention.

Major Research Issues

In this league, the complexity has been increased to include all aspects of robotic soccer,

for instance robots must be fully autonomous (i.e. no central steering, central computer

or global vision may be used), physical aspects that where discussed earlier are all

incorporated, and of course there are still the design of the software of every robot

(which for instance include tracking and strategic planning). This league is one of the

most interesting ones when considering cooperation among autonomous agents, since

this is one of the few leagues where the agents actually are fully autonomous.

Discussion

The cooperative game playing in this league is not very good (in fact, it is often not

there at all). From a distal view, it is like this league is filled with individual players that

are said to play together but still play individually (i.e. treat other robots as obstacles)

(see for instance Shen et al., 1998).

It is interesting to note that the cooperation among agents is so very different from the

simulation league; actually it is only two things that differ. First of all, there is of course

the physical aspects that are present in the middle league, but apart from that the only

thing that is changed, is that in the simulation league all robots got information about

where they are in relation to a couple of markers on the playing field, including

information about the ball location and the opponents’ goal.

It is either the physical aspects that have made such a strong impact on the cooperation

achieved or the extra information provided in the simulation league is so crucial, or

maybe a combination of them both (which we find most likely).

4.1.5 Sony Legged Robot League

As the name implies, this league is all about using Sony’s AIBO™ dog-like robot in the

soccer games (see for instance Veloso et al., 1998b). The teams are composed of three

robots each and the robots are not to be changed physically in any way, this means that

the only thing that is allowed to change is the robot’s program. The three robots in the
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team include the goalkeeper, and the game field size is three meters long and two meters

wide.

Figure 8 - Sony Legged Robot League.

Major Research Issues

In this league the major research areas are purely software oriented since the robots are

pre-built and are not to be changed in any way. Of course, as a consequence of a

physical implementation, there are still aspects like sensor malfunction and noisy data,

but the researchers do not have to focus any attention on how to build the robots, since

this is already done. As with the middle robot league, the robots here are fully

autonomous and since it is not allowed to change the hardware the research here tends

to focus on the pure software aspects of cooperation between autonomous agents.

Among the most common research areas in this league we can for instance see machine-

learning algorithms for automated colour calibration and detection (see for instance

Veloso and Uther, 1999).

Discussion

When looking at this league when the robots are playing, it may very well be argued

that the robots do not cooperate at all (as with the middle league). In a sense those two

leagues are quite similar. The only thing that really differs from the middle league is

that in the Sony league the robots are pre-built and it is not allowed to change them

physically in any way. However, one has to have in mind when discussing this league
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that it has not existed for so long (it started just a couple of years ago) so research in this

field has just begun to emerge.

4.1.6 Humanoid League

The RoboCup Federation will start a humanoid league in RoboCup-2002. Prior to the

official kick-off some extensive exhibitions are going to be held at RoboCup-2000 and

RoboCup-2001. The league will be divided into three different categories and it is

assumed that the participating humanoids are fully autonomous in the sense that after

the kick-off the robots shall play soccer by them selves, without human intervention.

Note that it is allowed to use off-board computers, but there must not be any remote

control by humans. The categories that will be present are “Small Size Humanoid” with

a maximum height of 60cm, “Middle Size Humanoid” with a maximum height of

120cm and “Large Size Humanoid” with a maximum height of 180cm. Initially there

will only be three robots in each team but the number of players is supposed to increase

as the technology matures.

In addition to the humanoid league in robotic soccer there will also be competitions is

pure walking/running of the robots where the speed of the humanoids are important, this

will be called RoboCup Humanoid Athletic.

4.1.7 Other domains in RoboCup

RoboCup is not all about competitions and robotic soccer playing but there are also

many other interesting research areas. Apart from the practical competitions in

RoboCup various conferences about the approaches and problems are arranged in order

to make the field develop (Asada and Kitano, 1999).

Within RoboCup there is also the RoboCup Challenge, which stands as a common test

bed for robots, this can be used as a benchmark to be able to see the advances made in

both design of software and hardware (Asada and Kitano, 1999). Currently there are

three different challenges in RoboCup:

• RoboCup Synthetic Agent Challenge (Kitano et al., 1997).

• RoboCup Physical Agent Challenge (Asada et al., 1998).

• RoboCup Natural Language Challenge (Asada and Kitano, 1999).
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The Synthetic and Physical Agent Challenge differs from the ordinary RoboCup

competitions in that robots participating in the challenges do not have to be able to play

a complete game of soccer. The challenges are set up in a way as to only encourage

development in a specific area, these challenges can thus be seen as sub-goals to the

complete, autonomous robot soccer-playing problem. While the Synthetic challenges

are focused on simulation the Physical challenges are realized with real, physical robots

(and thus dealing with real-world noise, sensor perceptions etc.). In addition to these,

there is another challenge, RoboCup Natural Language Challenge. This challenge

addresses the non-robotics community since the task here is to have a computer

commentary of the game in progress, i.e. the RoboCup Automatic Commentator. This

commentary should be made in natural language in real-time during the soccer game.

4.1.8 Summary

We have presented the different leagues in RoboCup and discussed what their main

research areas include.

For the cooperative robotics community, we think that it is very good that RoboCup has

emerged, since this is apparently helping the research forward (see for example Kitano

et al., 1999; Asada and Kitano, 1999). We think that it is mainly due to two things that

RoboCup has grown so much in the last few years: the widely dispersed domain, and

not to forget, RoboCup offers a funny and entertaining way of testing hypotheses and

theories. Many people are familiar with the human version of soccer and can without

difficulty identify with and understand the problem. Much because of this, the RoboCup

domain becomes a common ground for researchers to exchange ideas and to help each

other (since all these problem domains intersect with each other, researchers from one

area may already have done something that others are trying to do, but information

flows slowly across borders and that is why it is good to have a common research

platform where everybody have the same goal).

We believe that simulations of multi-agent societies will have more influence in the

near future since more and more processing power is being available. In addition to that,

the knowledge is also growing and now it is easier to build a more realistic simulator

with friction, gravity, wind and different kinds of noise. There are a lot of advantages

with using a simulator instead of making the experiments in reality, e.g. the ability to
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simulate a very large society containing several hundreds of individuals are becoming

rather manageable nowadays. This type of experiment would probably not be feasible to

do in reality and since the area of focus in the field of cooperative robotics is going

towards larger and larger environments with more and more robots that interact with

each other, the need for simulation is clear. See for instance the RoboCup Advanced

Simulator (Asada and Kitano, 1999), the ultimate goal there is to be able to develop a

robotic team in simulation and when the ground training is done it should be easy to

transfer the control software onto real robots, without too much modifications.

When we compare the robots that are playing soccer today with human players we

realise that we have quite a long way to go. In the physical leagues one barely see any

robot running across the field to put itself in a better position, where other robots can

pass it so that it can score. This kind of long-term tactical plans we only, but hardly, see

in the simulation league and the small league. In the small league much more elaborated

plans are being built and passing of the ball to another player that is in a better position

is not uncommon (see for instance Veloso et al., 1998a). There are even algorithms for

robot control that are used in the small league that also take into account the possible

intents of other players, in order to be able to respond faster (i.e. in advance) (see for

instance Stone et al., 2000 or Veloso et al., 1998a).

In the other physical leagues this kind of advanced cooperation is still in the future,

hopefully.

4.2 Homogeneous and Heterogeneous Robots

There are two major groups that the robotics field can be divided into, namely

homogeneous robots and heterogeneous robots. The two groups reflect in a way what

kind of experiments that have been conducted. This chapter will give a more thorough

description of what the two groups include and what research that has been done in the

areas.

In section 4.2.1 homogeneous robots will be described, what is distinct with those and

what kind of experiments that has been done in that field. Section 4.2.2 will discuss

heterogeneous robots and some of the experiments they have been used in.
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It is noticeable that there are researchers who claim that the either/or division into

homogeneous and heterogeneous robot teams is too distinct. Balch (1997) proposes a

metric to measure the diversity in multi-robot systems he calls social entropy – which

also recognizes physically identical robots that differ only in their behavioural

repertoire, this will be discussed in more detail in Section 4.2.3.

4.2.1 Homogeneous robots

Since the commonly understood definition of homogeneous (see for instance Balch,

1997 or Jung and Zelinsky, 2000) includes that the software must also be identical, then

this area becomes rather small since there often are differences in the learned control

system.

Melhuish et al. (1999) are conducting an ongoing project that has been going on since

1996, and this is investigating how ”lots of dumb robots can collectively do something

smart". In those experiments there are homogeneous robots and the only means of

communication that is allowed is by using stigmergy (i.e. to communicate using only

the environment as the communications medium). Figure 9 shows a picture of a

clustering task, where the robots should gather the coloured frisbees into clusters (in this

experiment there are yellow and red/black/white frisbees).

Figure 9 - Robots used by Melhuish et al. (1999). With courtesy of Melhuish.

If we look in the RoboCup domain there are a lot of soccer teams that are composed by

homogeneous robots. In most cases there is some difference between the field players

and the goalkeeper, but if we only look at the field players then there is a lot of
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homogeneous teams in this domain, and in particular in the physical leagues. It may be

argued that by only using homogeneous robots one cannot build an effective team, but if

we take a look at today’s RoboCup teams we see that such simple control structures can

be quite effective. For instance there are the ‘Spirit of Bolivia’, which is a robotic soccer

team that competed in RoboCup-97 (Werger, 1999). The robots in ‘Spirit of Bolivia’ are

entirely controlled by a ‘Behaviour Based System’ (cf. Brooks, 1986) and there is no

learning of the control system in the robots. Because of this, all the robots are identical,

both regarding physical construction and regarding control software and thus the team is

homogeneous (when only considering the field players, the goalkeeper in ‘Spirit of

Bolivia’ had another control software as well as different physical architecture).

Figure 10 - Field player in 'Spirit of Bolivia' (Werger, 1999). With courtesy of Werger.

4.2.2 Heterogeneous robots

A robot system is classified as heterogeneous if one or more agents are different from

the others (cf. Balch 1997). When the software is also included in this definition then

one can easily understand that heterogeneous is the area where most work has been

done. Since by the time a robot learns something about the environment it is situated in,

it has probably changed its behaviour and representation about its surroundings and thus

the robot is different from the others (regarding software).

Jung and Zelinsky (2000) use two autonomous mobile robots that perform cooperative

cleaning to investigate the impact of using symbolic communication when cooperating.

Since they were interested in heterogeneous cooperation, they equipped each robot with

a different set of sensors and actuators (see Figure 11 for pictures of the robots). One

robot has a vacuum cleaner mounted between the drive wheels, and as a result of that it
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cannot vacuum close to walls or furniture. The other robot has a brush tool that is

dragged over the floor to sweep distributed litter into larger piles that the vacuum

cleaning robot can pick-up, since the vacuum cleaning robot cannot walk near walls or

furniture the piles have to be made in open floor space.

Figure 11 - Cleaning robots used by Jung and Zelinsky (2000), on the left we see the brush robot

and on the right the vacuum robot. With courtesy of Jung.

Another work that has been done with cooperative heterogeneous robots is by Sukhatme

et al. (1999). Here they use three heterogeneous robots for surveillance and patrol of a

predefined area. There were two autonomous mobile robots and one helicopter (see

Figure 12), which were flown by a human pilot during these experiments for purposes

of safety and speed. This is also a very clear example of a heterogeneous robot group

since the differences is not only in the control software. Picture courtesy of the USC

Robotics Research Laboratory Autonomous Helicopter Project (http://www-

robotics.usc.edu/~avatar).
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Figure 12 - Two mobile robots and the helicopter used by Sukhatme et al. (1999).

4.2.3 Social Entropy

In the previous subsections we presented the most commonly used way of categorizing

various robot groups, i.e. into either homogeneous or heterogeneous. Here, we will now

describe a metric proposed by Balch (1997) that should replace these groups. This

metric should be able to more accurately divide different teams of robots (and thus cope

with different scales of diversity so that one team of robots can be said to have more

diversity than others) instead of the more commonly used homogeneous/heterogeneous

division, which is binary. The metric Balch proposes, Social Entropy, is inspired by

Shannon’s Information Entropy (see Shannon, 1949).

The main idea with Social Entropy is to give a value of how much diversity there are in

a society. Balch states the following goals that should be fulfilled in order to have a

metric, which captures the behavioural diversity in a society:

• The least diverse society is one in which all agents are equivalent.

• The greatest diversity in a society is achieved when no agent is equivalent to any

other agent.

• A society in which one agent is different and all the rest are equivalent is slightly

more diverse than the society in which all agents are the same.
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• If two societies have uniformly-sized groups, the one with more groups is more

diverse.

To measure the diversity in a society, Balch partitions the robots into several groups,

where all members of a given group have similar behaviours. When the partitioning is

done the Social Entropy is calculated with the following formulae:
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Het(R) is the function that calculates the heterogeneity of the robot society R, and pi

calculates the proportion of robots in the corresponding subgroup Ci to R.

With this metric, it is possible to calculate a value of how diverse a robot society is (on

the contrary from the binary division we saw in homogeneous / heterogeneous), and it is

also possible to compare this value with other society’s diversity and thus come up with

the conclusion that society A is more diverse than society B. This metric is based on the

number and size of the groups that make the society up. Balch (1997) however states

that even though the metric may seem to be focused on the level where only the external

observable behaviours are taken into account, it could very well be applied to other

levels. For instance by measuring the behavioural difference between the robots by

comparing the real-valued sensor inputs and the actuator outputs, then we would have a

metric of how diverse a robot society is with respect to not only the externally

observable behaviours but also with respect to the internal differences.

4.2.4 Discussion

We have presented a couple of example experiments that have been conducted, and

which can be divided into the groups homogeneous and heterogeneous robot systems.

We do however believe that the distinction is too strong and that the use of for instance

Balch’s (1997) Social Entropy is preferable when discussing different kinds of robots.

As we can see from the examples, the differences can vary quite a lot and the either/or

distinction in homogeneous and heterogeneous robots becomes unfeasible when

discussing the differences between the robots.
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It may be argued that using homogeneous multi-robot systems is preferable since they

will more easily cope for robot malfunction since every robot can do everything and it

will be much easier to just introduce more robots into the environment if the demand is

increased (since if they are homogeneous they will not notice if one more comes along).

For instance, Werger (1999) prefer simplicity and uses a homogeneous robotic soccer

team for just those reasons.

On the other hand there are some researchers that state that homogeneous multi-robot

systems will not play a large role in the cooperative robotics domain in the long run (see

for instance Jung and Zelinsky, 2000). The main argumentation for this is that their

definition of heterogeneous multi-robot systems includes difference not only in physical

aspects but also in the software, and that the robots shall learn about their environment

in order to be effective.

One should notice here however, that the choice of whether or not to use homogeneous

robots of course depends on the task that the robots should do and what is to become

from the experiments.

4.3 Learning in cooperative robot groups

There are some researchers who believe that when dealing with group robotics it is very

favourable to use behaviour based control systems (see for instance Sukhatme et al.

1999 or Billard and Dautenhahn, 2000), since practice in the last several years has

favoured behaviour-based systems for group robotics.

As stated earlier in this dissertation, there are roughly two major areas of interest in

cooperative robotics, ‘Life Sciences’ and ‘Applied AI’, and this is important to have in

mind when discussing issues like learning in cooperative robot groups. In ‘Life

Sciences’ the use of evolutionary algorithms and learning is very common but when

looking at works more oriented at ‘Applied AI’ the learning takes another approach.

‘Applied AI’ mostly deals with designing and construction of the underlying behaviours

that may lead to cooperative behaviour. Since the goal here is to construct a functional

system and not care so much about biological or cognitive plausibility.

Correspondingly, when considering ‘Life Sciences’ the learning approaches taken there

are often inspired by nature and the ways various animals acquire knowledge.
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Robot learning in general is known to be a very difficult problem (see for instance

Mahadevan, 1996), and since multi-robot learning imposes even more areas of

complications, this has been found to be a difficult problem. Mahadevan compare four

different techniques for robot learning: Inductive Concept Learning, Explanation-based

Learning, Reinforcement Learning and Evolutionary Learning.

Since multi-robot learning is not that different from single robot learning we will not

discuss any details regarding training and learning in multi-robot groups. However,

there are some aspects that must be considered when addressing multi-robot groups: the

credit assignment problem, the trade-off between different goals and the modelling of

other agents.

Credit Assignment Problem – This problem arises when the use of delayed

reward/punishment is used for training robot teams, and since this is the most

commonly used technique the problem is very often encountered. If we compare with

for instance social insects like ants and birds, they are born with the cooperative

behaviour whereas robot teams has to learn to cooperate and it is here the problem

arises. This results in for instance the following scenario; when a team of robots has

completed a task and should receive credits for that, the knowledge of which robot to

assign credits to is not known, since it could have been Robot A or it could have been

Robot B. To further complicate things it could also be the interaction between the robots

that made the final call and so, it can be very difficult to know which robot to give

credits for a particular task. This is known as the Credit Assignment Problem and there

has been quite much research in this area (see for instance Minsky, 1963; Weiss, 1996;

Versino and Gambardella, 1997; Salustowicz et al., 1998).

Mataric (1996) uses communication to cope with the credit assignment problem in one

of her experiments. The robots used by Mataric communicate their internal states to

each other in order to synchronise their behaviour. In doing so the robots know what

kind of actions the other robot has executed and hence they are able to share the reward

or punishment with each other.

Another way of dealing with the credit assignment problem, which by the way is often

used in evolutionary algorithms, is by using Implicit Credit Assignment (see for

instance Moriarty et al., 1999). In this technique the evaluation and credit assignment is
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based on the total performance of the system or subtask and thus there will be implicit

credit assignments on those subtasks that often occur in succeeding solutions.

There are many articles that address the issue of the credit assignment problem but there

are no articles yet that has claimed to solve the problem, and since the problem is task-

specific that is not surprising. The credit assignment problem is something that every

designer must bear in mind when doing experiments that could be affected by issues

like those presented here.

Trade-off between individual and group goals – When considering teams of robots and

when there are some global goal that the group should accomplish, the individual goals

of the individual robots are often not mentioned. If we for instance relate robotic soccer

with human soccer we easily see the issue. In human soccer there of course are the

global goal of winning the match but the individual players also have their own goals,

these could for instance be the will of being “Player of the match” or just some

emotional feeling such as anger or fear. These individual drives will of course impact

both positive and negative on how team play is performed and thus to what extent the

team will cooperate and how they will cooperate. In robotic soccer there are no

individual goals in the robots, the only goal that is present is the global goal spanning

the whole team. As a result of this there will of course be differences in the soccer

playing performed by robots and the kind of play being performed by humans. So when

addressing this issue there will of course be some trade-off between the individual goals

and the group goals since the group goal may not be in sync with every individual’s

goal.

Now one may argue that since we do not have any individual goals in the robots there is

no need to cope with individual goals, since they are not there. The only thing we need

to take into account is the global goal of the whole system. But when there are several

robots their goals may very well be conflicting and the designer of such a multi-robot

system must bear this in mind since it may have a great impact on how the system

performs.

We have not found any article that addresses this issue so the problem remains open,

what to do when there are conflicting goals among the robots.
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Modelling and prediction of other agents’ behaviour – There has been some research in

this area (see for instance Veloso et al., 1998a), and now with RoboCup there is a

standardised way of testing the algorithms and to see what the strengths and weaknesses

are. In order to be able to extend the notion of cooperation among several independent

individuals it is useful to be able to predict what other agents in the environment will do

in the near and far future. This will help every individual agent when trying to build a

more complex plan of what to do next. Further more, the communications requirements

can also be lowered if the ability to model other agents is present (see for instance

Touzet, 2000).

Cao et al. (1997) defines modelling of other agents as follows:

“Modelling requires that the modeller has some representation of another

agent, and that this representation can be used to make inferences about the

actions of the other agent.”

Cao et al. mean that when modelling of other agents should be accomplished, there has

to be something more than purely implicit communication via the environment. The

perception of another agent and the internal representation of that agent are very

important.

4.4 Research areas related to cooperative robotics

According to Cao et al. (1997), the most critical disciplines for the growth of

cooperative robotics are distributed artificial intelligence, biology and distributed

systems.

Distributed Artificial Intelligence – The main concern in DAI is the study of distributed

systems of intelligent agents. When seen from this view, the relevance with cooperative

robotics is easy to understand. Bond and Gasser (1988) define DAI as “the subfield of

artificial intelligence (AI) concerned with concurrency in AI computations, at many

levels.”

Since DAI comes from both traditional symbolic AI and the social sciences, there are

two major sub-disciplines: Distributed Problem Solving (DPS) and Multi Agent

Systems (MAS). DPS is mostly concerned with solving a single problem using many

agents, whereas MAS research is not bound to these specifications. In MAS there could
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for instance be several goals among the agents and these can be both common and

conflicting.

Since DAI mostly deals with distribution among independent entities and the research

have concentrated on domains where uncertainty is not as much of an issue as it is in the

physical world, the influence on cooperative robotics research has been limited.

Biology – The biological influences in cooperative robotics is huge. The majority of

existing work has cited biological systems as inspiration or justification for various

choices. In nature, there are many examples of insects that perform complicated tasks

with very simple agents (for instance ants, wasps and bees). From these simple agents

the complex behaviour emerge out of the interactions between the agents, which

individually only are following simple rules. This can be found in the cooperative

robotics community as a ‘bottom-up’ approach (see for instance Brooks, 1991; Agah

and Bekey, 1997; Steels and Vogt, 1997; Jung and Zelinsky, 2000) in which individual

agents are more like ants – they follow simple rules and cooperative behaviour emerge

from the interaction among the robots.

Distributed Systems – In fact, a multiple robot system is a special case of a distributed

computing system. Thus, the field of distributed systems is a natural source of ideas and

solutions. There are many aspects that are applicable to both domains, for instance

distributed computing, message passing and resource allocation to name a few. Much

research that has been made in distributed systems can thus be applicable to cooperative

robotics.

4.5 Summary

In this chapter we have presented a brief taxonomy of the cooperative robotics research

and we see that there are many disciplines that may take advantage from cooperative

robotics research. The fact that so many theories and disciplines have been brought

together in cooperative robotics shows the fascination and the attraction of the field. We

have presented a domain within cooperative robotics that brings many different

disciplines together, namely RoboCup. Within RoboCup there are several leagues,

which were presented and the major research areas for these were discussed. We also

elaborated on the issue of how to divide different societies of robots into groups, which
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can be done in a couple of ways. Either one can make an either/or distinction using

homogeneous/heterogeneous robot groups, or a more fine-grained scale can be used like

for instance Balch’s (1997) Social Entropy. We also discussed some issues particularly

regarding learning in cooperative robot groups and presented some examples that

illustrated why the various problems arise. Finally some related research areas to

cooperative robotics were presented along with a discussion about what it is that brings

the different fields together.
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5 Summary and Conclusions

This chapter presents the achievements and the contributions of this dissertation. In

Section 5.1 we will first give a summary of what research has been done in the field of

cooperative robotics and within that summary we give an outline of the various levels of

cooperation found in works nowadays. Section 5.2 states what is left to do with respect

to the former outline, and in the end some final remarks are made in Section 5.3.

5.1 What has been done

There are many redundant articles that address the issue regarding cooperative mobile

robotics in the last few years. One major way to address problems in this area is by

building things bottom-up and that is precisely what has happened in the research that

has been conducted. A lot of work has been done on low-level cooperation and simple

interacting tasks where the robots mostly see each other as obstacles (cf. discussion of

stigmergy in Sections 2.1.1 and 3.3). Also, quite a lot of work has been done in a little

more advanced cooperation areas like flocking and herding where the robots do sense

each other to some degree but the behaviour is still purely reactive and still no complex

plans are being constructed by the robots.

The concept of sensing other robots as other things than obstacles is a very hot topic

nowadays and there are some articles that have already addressed this issue (cf. for

instance the discussion of awareness in Section 3.4). These experiments however are

still very simple in nature and often only comparisons are made with systems where no

awareness of other team mates is present and where the so-called awareness is very

positive with respect to performance. Despite the big interest around the awareness

among robots in certain articles, the number of articles addressing this issue is still

relatively small but we expect a further increase in the upcoming years.

Communication among the robots is another thing that is being used more and more

nowadays, and the number of articles addressing communication among autonomous

robots is growing every day. We believe that this much depends on the fact that

awareness is beginning to grow in the community, and one way of dealing with

awareness is to let the robots communicate with each other.
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Although no expanded team planning at the individual level is being performed in any

experiments or articles, there has been however a lot of work regarding planning of

group behaviours when there are access to some sort of central control or common

vision system. This can be related to for instance the simulation league and of course the

small league in RoboCup. Other areas that has been doing this kind of research is for

instance formation following (Brock et al. 1992).

In the cooperative robotics literature we have roughly found a couple of levels of

cooperation that the various experiments can be divided into. In this section we will

present an outline of those levels as well as elaborate on the kinds of works that belong

to them by giving some examples. It may be argued that the outline presented here is

not complete or that it is not entirely correct. The outline is in no way entirely ready

since research in the community has not reached the top-level yet, and hence it cannot

be complete. This section will only illustrate the various levels of cooperation seen in

works nowadays. Roughly, the following six levels were found in the literature:

• No cooperation

• Stigmergy

• Distinguishing each other

• Explicit communication

• N/A

• Planned behaviour

No cooperation – It may seem peculiar to include this level but firstly, every scale has

to have a beginning. Secondly, if we look back in Section 3.1, we discussed the

difference between pure collective- and cooperative behaviour and this level includes

those experiments where no cooperation (i.e. there are only collective behaviour) is

being performed by the participating agents. Some may for instance argue that since

there are robots in RoboCup that does not cooperate at all, those should belong to this

level. However, when dealing with robotics there is (almost) always some kind of

sensing of the environment that the robots are operating in, and if there are sensing of
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the environment then the robots can be affected through the environment. Thus,

according to the definitions of stigmergy found in Section 3.3 those robots are indeed

using stigmergy. If we for instance look at the RoboCup leagues, there is actually one

common link between all robots, and that is the ball. If we compare this with the box-

pushing example discussed in Section 2.1.1 there are actually not so much that differ. In

the box-pushing experiment the robots pushed the box and the other robots sensed that

the box moved in a certain direction and reacted upon that. The same applies to robotic

soccer, where a robot kicks the ball ahead and the others sense that the ball is moving /

is on a new position.

Stigmergy – The distinction between the lowest level and this one is very clear. Here the

robots do have some notion of other things in their environment and they can react upon

that. This can be used to accomplish a kind of communication through the environment

and in this level the agents can seem to be very intelligent and cooperative. However,

when looking at the underlying mechanisms in their behavioural repertoire it become

obvious that the robots cannot distinguish other team mates from obstacles in the

environment or what it is to cooperate.

As we saw in Section 4.2.1, the soccer team “Spirit of Bolivia” is a purely reactive

system and does not have any notion of the other team mates. Yet it looks like the robots

are aware of each other and that they are cooperating, but this is only from a distal view

(cf. Section 4.1). When looking at the underlying mechanisms (i.e. the proximal view)

of the behaviours one can easily see that there are no notion of other team mates as team

mates, they are only treated as obstacles and that the cooperation that emerge is only

due to cleverly designed underlying behaviours.

Now, it may be argued that many of the robotic soccer teams do not use any cooperation

at all, and this particularly applies to the middle-sized league where, as we recall from

Section 4.1.4, practically there is no cooperation. However, the robots are indeed using

stigmergy even when just shooting the ball ahead – the robots are affecting each other’s

environment since the robots do sense the ball.

Another example that was discussed earlier in Section 4.2.1, clearly illustrates what

kind of robots are included in this level, is the ongoing experiment by Melhuish et al.

(1999). The robots in Melhuish et al.’s experiment are purely reactive upon their
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environment and for those experiments performed there that is all that is needed. In

Figure 13 we see a close-up of one of the robots used by Melhuish et al. and the

different kinds of frisbees used. The frisbees differ only in colour but since this is

enough to distinguish them into groups, the robots can now for instance cluster the

frisbees into two different piles.

Figure 13 - Close-up of a single robot used by Melhuish et al. (1999). With courtesy of Melhuish.

Distinguishing each other – This constitutes the third level that we have found and the

distinction from the second level is rather obvious. Here the robots not only sense their

environment but they are also able sense other robots as robots and not only as

obstacles, and hence react on other robots as well as the environment. The sensing of

other robots as robots have been achieved in many and varied ways in the cooperative

robotics literature (see for instance Parker, 1995; Brogan and Hodgins, 1997; Veloso et

al. 1998a; Touzet, 2000) and one way to achieve awareness of other team mates is to

mark the robots in a special way and thus having the robots distinguish themselves with

the aid of this special marker. Another way is to have the awareness over some kind of

communication channel, like for instance letting the robots communicate with each

other via radio and thus being able to react upon the other robots behaviours.

Apparently, this level includes flocking, herding and swarming behaviours that can be

found in many works in the cooperative robotics literature (see for instance Parker, 1995

or Touzet, 2000).

For instance, Brogan and Hodgins (1997) use simulated robots to investigate how a

flock of robots moves around an obstacle that is put in their way. In this experiment the
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robots have the ability to sense the other robots and to distinguish them from the

obstacles, and this leads to reactive behaviour not only to the environment but also to

reactive behaviour on the other robots in the vicinity.

Figure 14 - Simulated robots used by Brogan and Hodgins (1997). With courtesy of Brogan.

Explicit communication – The distinction in this level from the lower ones is the use of

explicit communication (cf. ‘Explicit communication’ and ‘Direct communication’ in

Section 3.3). In the lower levels the use of communication is frequently used (i.e.

implicit communication) but here there are something more to it. The emitting of a

message is somewhat ‘intentional’, unlike in the lower levels where the use of

communication was a purely reactive behaviour and there where no ‘intention’ in

sending the message.

Steels and Vogt (1997) conducted an experiment that clearly illustrates this kind of

cooperation (cf. Section 2.1.3). Here, the robots wondered around in the environment

and occasionally ran into each other – then the communication started. The robots

agreed on an object in their surroundings to talk about (i.e. the two robots explicitly told

the other one what they wanted to talk about, and from this an agreement was

established on an object). Here, the distinction from the lower levels is pretty obvious;

the robots use explicit communication to communicate only with the robot in front of

them. However, it may be argued that the robots are still only using a purely reactive

behaviour and that the so-called explicit communication is only because of the reactive

behaviour from sensing another robot in the vicinity. This is of course true, since the

robots are reacting on their environment, but what makes this so different is because of

the intentional sending and the there after following discussion with the other robot (cf.

Sections 3.3 and 3.4).
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In the cooperative robotics literature there are a very obvious gap between the former

and the top level, which is rather easy to stipulate:

Planned behaviour – This level can be compared to the kind of planned behaviour seen

among humans and it may be argued that this is the highest level of cooperation seen

yet. Here the intentional planning of the future is one of the things that distinct this level

from the lower ones. To some extent this can be seen in RoboCup when the aid of a

central team control or a global camera are available. Especially one can see this kind of

future planned behaviour in the small- and simulation league where the robots may be

able to predict the future and take that into account when planning what to do next. For

instance, Veloso et al. (1998a) not only use the environment perceived locally and by

communication with other team mates, they also use the predicted behaviours observed

in the opponents in order to faster cope with rapid changes and to build more complex

plans. For instance, Veloso et al. used an Extended Kalman Filter (for details, see

Veloso et al. 1998a) that was used to predict the forthcoming position of the ball.

Another technique used in this team is the evaluation of weather to shoot at the

opponent goal or weather it may be better to pass the ball to another team mate. Here

the robots take into account the distance the opponents have to the calculated trajectory

of the ball if it will be shoot in the specified direction.

The outline presented in this section, which shows the various levels of cooperation

found in the cooperative robotics literature nowadays, not only illustrates what kind of

work that has been done in the field, but it also points out which areas that need more

attention.

5.2 What needs to be done

As we can see in the outline presented in Section 5.1, the simpler forms of cooperation

have been covered rather well in the literature and thus it seems rather natural to move

on forward onto the next step, which includes awareness of other robots in the

environment. This issue is beginning to materialise it self in the community but there

are still much to do. If we for instance compare current world champions in robotic

soccer it is sad to say that the robots there do not use any kind of cooperation (in

practice) at all and that a very common approach is to let the robot treat each other as
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obstacles. Sure, this can lead to quite complex behaviour with respect to what the

abilities of the robots are, but we do not se any complex planning like we for instance

see in human soccer playing. If we of course ignore those systems with a global vision

or some form of global control (where the main issue is not to individually make up a

team, but instead construct a team controller that is able to guide a group of robots).

In the outline presented in Section 5.1 we see that there are much left to do in the

transition between the ‘Explicit communication’ and the ‘Planned behaviour’

subdivisions. There are some works that can be put pretty high in this scale, but since

they use some restrictions like a global control or some sort of global sensing, they do

not reach to the top (see for instance the small league in RoboCup, there are some high

level planners available but since all is done with the aid of a central camera and a

central control system, this cannot be seen as the kind of high level planning seen

among groups of humans).

From the outline presented in Section 5.1 it is easy to see where we need to make more

experiments and elaborate more on various techniques in order to achieve higher level

planning and cooperation.

5.3 Final remarks

We have presented a survey of the cooperative robotics literature and we have

investigated some aspects of the research that is going on. Many different disciplines

have been identified as relevant to the cooperative robotics research and examples have

been presented. Roughly two major areas of interest for cooperative robotics have been

discovered, ‘Life Sciences’ and ‘Applied AI’, whose research interests differ quite a lot.

Some key concepts were identified and analysed, where the various definitions were

presented and any possible anomalies and of course similarities where emphasized and

discussed. Thereafter some distinct groups in cooperative robotics were presented,

among which one of them were more emphasized, namely RoboCup. Some open issues

in multi-robot learning where also discussed and some works that have tried to tackle

these problems were presented.

Finally we presented an outline that clearly illustrated what parts of the cooperative

robotics field that has a lot remaining work to be done. This outline also showed that
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there has been a lot of work done in the simpler forms of cooperation, but that much

work remains to be done in more complex forms before we can see for instance human-

like cooperation being performed by robots. Within this outline we classified existing

systems and works in the cooperative robotics field and the parts that demands more

research was identified in the outline.

In the area of cooperative robotics, this dissertation has clearly shown which branch of

the research field that still has a lot of work to be done.
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