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Abstract

Multiagent systems are a promising new paradigm in computing,
which are contributing to various fields. Many theories and technolo-
gies have been developed in order to design and specify multiagent sys-
tems, however, no standard procedure is used at present. Industrial ap-
plications often have a complex structure and need plenty of working
resources. They require a standard specification method as well. As the
standard method to design and specify software systems, we believe that
one of the key words is simplicity for their wide acceptance. In this paper,
we propose a method to specify multiagent systems, namely with UML
statecharts. We use them for specifying almost all aspects of multiagent
systems, because we think that it is an advantage to keep everything in
one type of diagram.

We apply our method to different domains, namely to robotic soccer
and a network application. This approach enables not only standard-
ized design of multiagent systems, but also almost automatic transla-
tion of the specification into a running implementation (here: into Pro-
log). Moreover, the verification or formal analysis is feasible, because of
the rigidly formal manner of the system specification. We concentrate

*This paper emerged while the first author was visiting the University in Koblenz, Ger-
many, from October 2000 to September 2001.



on the formal specification of multiagent systems in general and its ap-
plication to robotic soccer, which is already implemented, and to net-
working. The application to different domains—with homogeneous or
heterogeneous agents—corroborates the generality of the proposed ap-
proach.

Keywords: agent-based software engineering; methodologies for spec-
ification, design, implementation, and validation; standards for agents
and multiagent systems; unified modeling language (UML).

1 Introduction

Almost all software systems can be viewed as multiagent systems. They pro-
vide a good means for a robust architecture of software systems. The whole
system can work, even if parts of them are out of function. Thus, multiagent
systems are interesting for industrial applications and also for research. They
are one of the foremost research topics in the field of artificial intelligence.
Therefore, in this paper, we present a way to specify and implement such
systems in a systematical and formally clean way, and show how this can be
applied to robotic soccer and to internet-based activities in an industrial ap-
plication.

Internet-based activities such as web services and peer-to-peer (P2P) ap-
plications are drawing more and more attention, because they are feasible
to enhance computing-resource sharing, create new markets, and so forth.
Nowadays internetworking technology is getting more and more important
in this context. With respect to multiagent systems, they are widely accepted
as the best method to design network architecture, since they enable dis-
tributed, flexible and robust systems. Many industrial applications have been
proposed. For example, advanced manufacturing can be designed as a mul-
tiagent system. For an overview on applications of agent technology see [5].

1.1 Motivation

In general, a multiagent system is a system in which several interacting, intel-
ligent agents pursue some set of goals or tasks. An agent is a computational
entity such as a software program or a robot that can be viewed as perceiv-
ing and acting upon its environment and that is autonomous in that its be-
havior is at least partially depends on its own experience [14]. An important
question, of course, is how can such systems of agents be designed and im-
plemented? We think that current software specification techniques must be
adapted with respect to multiagent systems, such that coordination of sev-
eral agents can be expressed.



In this paper, we propose a method that makes use of only one type of di-
agram for the specification of multiagent systems, namely UML statecharts
[9]. The advantage of this procedure is that on the one hand designers and
programmers can rapidly develop this system, and on the other hand this
specification can easily be turned into executable code, because we have to
consider only one type of diagram. Finally, the formalism based on the state-
charts should also allow for the verification or formal analysis of multiagent
systems, e.g., by model checking (see also [1, 12]).

Therefore, in this paper, the focus is laid on a rigidly formal specification
method of multiagent systems, because this must be the basis for more for-
mal analyses of such systems. In addition, we will demonstrate the applica-
bility of the proposed approach in different applications (namely robotic soc-
cer and internetworking). For more details on how almost all features of UML
statecharts can be exploited for the development of multiagent systems and
the translation of such a specification into executable code, the interested
reader is referred to [6, 7].

1.2 Overview of the Paper

One can distinguish between systems of homogeneous agents, where all
agents in principle have the same capabilities, and systems of heterogenous
agents, where different agents have different abilities performing different
tasks. For example, teams of (robotic) soccer agents can be viewed as a sys-
tem of (more or less) homogenous agents, whereas the above-mentioned
web services and peer to peer applications are appropriate for a system of
heterogeneous agents. In the following, we will consider both applications
in more detail: simulated robotic soccer in Section 3.1, and the network ap-
plication in Section 3.2. We show that both kinds of multiagent systems can
be specified with one and the same formalism, namely statecharts, which we
introduce beforehand in Section 2.

Multiagent systems are studied in the domain of robotic soccer, in which
the behavior of agents including collaboration is specified by means of UML
statecharts [8]. Since this method seems to be applicable to the above in-
dustrial applications, we introduce the network application domain in order
to investigate the effectiveness of the method in this domain. Then, we dis-
cuss the general problem of specifying multiagent systems by means of UML
statecharts (Section 4) and related works (Section 5), before we come to the
conclusions after that (Section 6).



2 State Machines

Dynamic systems can be described appropriately as state machines. There-
fore, statecharts are used quite often for the specification of dynamic or pro-
cedural aspects of software systems, also in industrial applications. In order
to provide a better understanding of statecharts, we give their formal defi-
nition in the following. Later (in Sections 3 and 4) we will demonstrate that
statecharts are a good means not only for dynamic systems but also for mul-
tiagent systems, where several independent agents interact.

2.1 Basic Components

Statecharts are a part of UML [9] and a well accepted means to specify dy-
namic behavior of software systems. They can be described in a rigorously
formal manner, allowing for flexible specification, implementation and anal-
ysis of multiagent systems [10, 12]. In statecharts, states are connected via
transitions with conditions and actions annotated. They are represented as
rectangles with round corners and can be structured hierarchically. Transi-
tions are drawn as directed arcs that interconnect the states. Transitions are
annotated by events (e.g. reception of a request or change of some value),
guards (which are conditions), and actions. Since states may be simple, com-
posite or concurrent, the behavior of agents or their state machines, respec-
tively, cannot be described by sequences of simple states (as for finite au-
tomata), but of configurations. For more details, the reader is referred to [9]
and Section 2.2.

The state machine in Figure 1 sketches the overall behavior of robotic soc-
cer agents (which we will discuss in more detail in Section 3.1). Some details
are not shown, which is indicated by the hidden decomposition icon o—o. The
machine contains the simple states Init and GetBall, the composite states
Behave, Defend, Marking, and Attack, and the concurrent states HandleBall
and Communicate. Obviously, the start state is Behave, whose initial state
is Init. The three states Init, Attack and Defend belong to the main (start)
state Behave. Its initial state Init permits a transition annotated with Kick-
Off/Kick(100%) (with empty guard which corresponds to True) to Attack, if
the agent has a KickOff from the center point. In this case, the agent kicks
the ball with full power and enters the Attack state afterwards. Attack and
Defend states are mutually connected by transitions without actions: if the
agent is in ball possession, it is in the Attack state; otherwise it is in Defend
state. Furthermore, there are transitions from Attack and Defend back to Init,
if somebody scores a goal.
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Figure 1: State machine for overall behavior.




2.2 Configurations and Steps

How can the behavior of state machines be described? For this, we now in-
troduce the concepts of configuration and step.

Definition 1 (Configuration) A configurationc isarooted tree of states, where
the root node is the topmost initial state of the overall state machine. A config-
uration must be completed by the following procedure: if there is a leaf node
in ¢ labeled with a composite state s, then the initial state of s is introduced as
immediate successor of s; if there is a leaf node in c labeled with a concurrent
state s, then the tree branches at this point.

In our context, state machines model the behavior of agents that act in
their environment. The main effect of agents is that they interact with their
environment. Therefore, state machines change the situation they are in,
forming a trace, which is a sequence of situations. A situation is defined by
mapping variables to values from given domains, characterizing the current
world state, including the agent’s configuration.

Agents perform steps from one configuration to another. For proper mul-
tiagent systems, we also must take into account that several agents or differ-
ent components of one and the same agent may perform steps at the same
time. Therefore, one may distinguish between micro- and macro-steps as in
[11, 12]. The right part of Figure 2 shows the configuration of the state ma-
chine after one transition from Init to Attack. For more details, the reader is
referred to [11, 12]. We will here only briefly summarize the definitions.

Definition 2 (Micro-step) A micro-step from one configuration c of a state
machine to another configuration ¢ by means of some transition t from state
s to state s' with annotation event|guard]/action in the current situation—
written ¢ —; ¢ —is possible iff:

1. c contains a node labeled with s,

2. d isidentical with c except that s together with its subtree in c is replaced
by the completion of s', and

3. the annotated event and guard holds in the actual situation.

Let us revisit Figure 2 again. Since there is a transition from Init to Attack
with annotation KickOff/Kick(100%) in the state machine, the step from the
first to the second configuration shown in Figure 2 is possible according to
the definition. For this, the Init node is replaced by Attack. Since Attack is
a concurrent state, the (composite) states HandleBall and Communicate be-
longing to Attack, become successor nodes of Attack. Again, these states have
to be completed. This is indicated by triangles with the symbol o—o in it.
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Figure 2: Configuration after one transition.

Definition 3 (Macro-step) A macro-step from the configuration c to a config-
uration ¢’ with given micro-steps is possible iff:

1. all micro-steps are possible inc,

2. all of them are simultaneously applicable, i.e., all states s,, . .., s, occur
in different paths in the configuration tree c, and

3.  is obtained by applying all given micro-steps to c.

With macro-steps, we are able to model concurrent behavior. This is very
helpful for the description of multiagent systems, since there we have several
entities which interact concurrently. We will heavily make use of concurrent
states in our example applications (see Sections 3 and 4). Concurrent states
are the prerequisite for proper macro-steps, i.e. where several micro-steps
are executed in parallel.

3 Example Applications
In this section, we will introduce the two applications robotic soccer and net-
working in a bit more detail. Robotic soccer (see Section 3.1) has been tackled

mainly by the second author, while the first author considered the network-
ing application (see Section 3.2). The interesting thing is that, although both
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applications look rather different at first glance, we can apply the same tech-
niques to describe them as a multiagent system. We will do this in this sec-
tion and continue in Section 4, where we address the problem of specifying
the interaction of several, possibly heterogeneous agents.

3.1 Robotic Soccer

In the RoboCup initiative, the soccer game is chosen as a central topic of re-
search, aiming at innovations to be applied for socially significant problems
and in industry. The RoboCup is an international joint project to promote ar-
tificial intelligence, robotics, and related fields. In order to perform actually
a soccer game for a robot team, various technologies must be incorporated
including design principles of autonomous agents, multiagent collaboration,
strategy acquisition (see e.g. [4]), real-time reasoning etc. The RoboCup con-
sists of several leagues with real robots in different sizes or virtual, i.e. sim-
ulated robots. The simulation league offers a software platform for research
on the software aspects of RoboCup.

In our context, the software design aspect is the most important one. Soc-
cer agents can be designed with a three-level approach (see Figure 3) [6, 12]:
the mode level contains the most abstract desires an agent has (e.g. setup,
attack, defend); the script level provides plan skeletons that are used as long
as the mode is not changed (e.g. marking, passing, role exchange); the skill
level hosts basic actions (e.g. kick, dribble). In the soccer domain, usually
all agents have an identical internal structure except for the goal-keeper; all
other agents are homogeneous. Therefore, it is quite natural to state the be-
havior of the agents within one state machine. But we will see that even for
heterogenous agent systems the whole multiagent system can be specified
within one statechart (see Section 3.2).

Since guards are logical formulae, it seems to be a good idea to implement
state machines in a logic programming language such as Prolog. This is done
in [8, 13], where an approach for developing soccer agents declaratively is
presented. The advantage of making use of Prolog is that by this, guard con-
ditions can be expressed adequately, yielding us a rule-based specification.
For instance, the decision process can be programmed conveniently in Pro-
log, implementing decision trees. In addition, by this procedure, agent pro-
grammers have a full programming language available and can design and
implement agents without many restrictions.

In summary, the soccer domain is well-suited for homogeneous agents.
Each agent can be described by one and the same state machine. Never-
theless, agents can take different roles depending on the respective situa-
tion they are in, e.g. in a double passing situation. Interaction among agents
is triggered by synchronization states. All this can be specified conveniently



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[scriptu} e [scriptln} [scriptgl} [scriptgyg

[ skillsj [ skillsj [ skillsj [ skillsj

Figure 3: Layered architecture.

by statecharts. Their hierarchical structure makes a modular specification of
multiagent systems possible.

Let us assume that our soccer playing agents have modules for moving
and kicking that can be controlled independently from each other. Then, in
order to perform a pass, an agent may first go to the ball, while it aims at the
opponent goal with its kicking device all the time. If the ball is reached, the
shot can be initiated and also the position of the agent can be re-adjusted.
Observe that the last action requires synchronization between the Moving
module and the Kicking module. This is shown in Figure 4.

For the synchronization of (two) concurrent regions of a state machine,
synch states are introduced in UML. A synch state, which is drawn as a circle,
is always used in conjunction with fork and join states, which are shown as
thick bars === Tn Figure 4, the left bar is a fork state, while the right bar is a
join state. The firing of outgoing transitions from a synch state can be limited
by a specified bound b > 0 on the difference between the number of times
outgoing and incoming transitions have fired. In the example, this bound is
set to 1, because there is only one ball that can be kicked.

We can simulate synchronization by introducing a new variable s ranging
from 0 to b for each synch state, which must be 0 initially. The effect of the
transition via the synch state can be expressed by setting up the (additional)
conditions and actions along the transitions that go through the fork and join
states as shown in Figure 4, where s + + and s — — mean incrementing and
decrementing, respectively, the value of s. The introduction of s makes the
use of the synch state superfluous. Note that only these additional annota-
tions for the treatment of synchronization are shown. All other transitions
and annotations are not shown here for the ease of representation.
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3.2 Network Application

Nowadays, internet technologies are widespread in industrial applications,
and plenty of data are exchanged via the internet. Such data include HTML
page contents, database tables, numerous plant operation data, etc. In this
context, data exchange via the internet involves some problems such as se-
curity, communication protocol among agents, internetworking technology.
The peer-to-peer application is an example of such technology. Our first ap-
proach for the design of the scheme for data exchange is to consider it as a
multiagent system with its behavior, using the same method as for robotic
soccer.

Let us now introduce the peer-to-peer network application domain as the
second example of a multiagent system in which concurrent actions and the
collaboration among several agents are explicitly specified. Recently the in-
ternet and networks in general prevail widely, accompanied with advanced
technologies, which are able to induce the development of new industrial
applications. The integration of manufacturing resources can be achieved by
means of such applications based on multiagent systems. For instance, the
peer-to-peer network application is expected to play an important role in a
real intelligent manufacturing system, whose components such as facilities
and databases are distributed. We show how an industrial multiagent system
is designed using one and the same method as for robotic soccer, where var-
ious technologies are investigated such as design principles of autonomous

10



agency, multiagent collaboration, strategy acquisition, etc.

The overall design of the multiagent system is shown in Figure 5. In
this domain, we consider heterogeneous agents, namely: user agent, bro-
ker agent, proxy agent and sensor agent, with the following behavior. User
agents communicate with each other, i.e., they send or receive files via the
internet, supported by the broker agent and the other agents. This primary
function will be invoked by an external event invoked by the user. The bro-
ker agent allocates the destination of each file among the clients, i.e. the user
agents. Thus, the broker agent enables a file-exchange function. The broker
agent and the user agent cannot directly communicate beyond the firewall,
therefore the proxy agent is introduced. The sensor agent will diagnose net-
work condition and notify the results to user agents so as to optimize the user
agents’ behavior.

In summary, although we have heterogeneous agents with different func-
tionality in this application, the multiagent systems again can be specified
by means of one statechart also in this case. Different actions which are exe-
cuted in parallel can be expressed by several regions in the statechart. We will
consider this now in more detail in the next Section 4.

4 Specifying Multiagent Systems

In this section, we will show how the behavior of single or several agents
are specified by means of statecharts, in the domains of both robotic soccer
and network application. Many features in multiagent systems can be repre-
sented by the same method. It seems to be remarkable that even in different
domains, i.e., in both robotic soccer and network application domains, the
same method is feasible to specify important aspects of multiagent systems,
although both domains have different characteristics and function. This ap-
proach enables not only the design of multiagent systems, but also the ver-
ification and formal analysis of the system should be allowed by the strict
formalism in the long run (see also [12]).

4.1 The Switch of Roles

As shown in Figure 6, the user agent can be designed as a state machine,
whose behavior is similar to the soccer player agent in Figure 1. At the top-
level (under the Behave state), the user agent has the following sub-states:
Init, Wait, Put and Get. These top-level states and sub-states correspond to
the mode level and the script level within the three-level approach in the
robotic soccer domain (in Figure 3). Thus, once again we can exploit the hi-
erarchical structure of statecharts.
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Finish_Get

Figure 6: State machine for the user agent.

According to external events, a user agent is able to provide one of two
different functions, Put or Get. Thus, it is assumed that a user agent has two
roles: Put and Get, which is analogical with the Attack and Defend states in
the robotic soccer domain. In the Put state, the user agent transfers a file to
another agent, while in the Get state the agent receives the file. Both actions
are initiated by a mouse click event. We discuss the Put state in greater detail
in the following (see also Figures 7 and 8).

4.2 Synchronization

The Put state is a composite state and has two concurrent sub-states, Send
and VerifySend, as depicted in Figure 7. The Send sub-machine is designed
to provide the file transfer function, while the VerifySend sub-machine is in-
troduced in order to ensure the function. The synchronization of these two
concurrent states is enabled by synch states in UML, which are rendered as
circles between two concurrent regions in statecharts. A synch state is associ-
ated with fork and join states, which are indicated as thick bars and stand for
the transition between concurrent states. Synch states enable synchroniza-
tion as a consequence.

13



Put

Send VerifySend

ShakeHand
D—0

TellSengor

Sendi

Eu cce ss) [Fail ed

Cancelled Finished

Figure 7: Synchronization of agents.

14




4.3 Collaboration

Statecharts can represent the collaboration not only within one agent, but
also the collaboration among heterogeneous agents. Figure 8 illustrates three
concurrent regions, whose rightmost region belongs to a sensor agent, while
the others are in a user agent. In Figure 8, the CheckFile sub-state is designed
to perform the checking task for a transferred file, and the VerifySend sub-
state is a kind of mirroring of CheckFile in order to to enable fast file transfer.
This example indicates that a synch state can represent collaboration among
agents as well as concurrency within a single agent.

In other words, both interaction of several agents and parallel threads
or activities of one agent can be expressed by synch states. State machines
with synch states can be translated into simpler ones without synch states,
after introducing dedicated synchronization variables (as e.g. in Figure 4).
While transforming concurrent regions into executable code, the possibility
of macro-steps has to be taken into account (see Definition 3). In practice,
the actions of agents are coordinated by external events or variables for syn-
chronization. All this is realized by a state machine, coded explicitly in Prolog.

5 Related Works

In this paper, we propose a method for the specification of multiagent sys-
tems that makes use of standard software engineering methods and is for-
mal enough that we can easily achieve an executable specification, and for-
mal system analysis and verification is possible. The combination of these
two features seems to be rather original. In the following, we discuss works
extending the Unified Modeling Language (UML) for agents (Section 5.1) and
works on the analysis of agent systems which are in most cases logic-based
(Section 5.2). For on overview of applications of multiagent systems, e.g. in
manufacturing, process control, telecommunication, information manage-
ment, electronic commerce, games, medical applications, etc. the reader is
referred to [5].

5.1 Agent Design with Extensions of UML

There is one proposal of the Object Management Group, which develops the
UML standard, for extending UML for agents [10]. There, it is proposed to
use a bunch of diagrams for expressing all aspects of multiagent systems, e.g.
template and package diagrams, sequence and collaboration diagrams, and
state and activity diagrams. The most important new aspect coming with sys-
tems of several agents is certainly interaction (communication, collaboration

15
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etc.). Therefore, it is stressed in [10] that interaction protocols can be speci-
fied in more detail (i.e. leveled or nested) using a combination of diagrams,
e.g. with sequence or state diagrams. It is certainly a good idea to put every-
thing in one (possibly nested or leveled) presentation. Another interesting
idea—presented in [10]—is that statecharts can be labeled with the agents
who are performing the respective action. However, because of the use of dif-
ferent types of diagrams, a direct transformation of the specification does not
seem to be available for this approach, in contrast to the approach presented
here.

According to [2], Software engineering describes a system at different lev-
els of abstraction. Agent engineering introduces another level of abstraction:
the agent level. As the previous approach discussed here, [2] also tries to ex-
ploit UML in the design of multiagent systems. It makes use of standard dia-
grams and languages such as class diagrams for ontologies and communica-
tion languages such as FIPA ACL or KQML. But they propose additional types
of diagrams: architecture diagrams which are composed of a set of agent
classes and relations among them. In addition, protocol and role diagrams
are introduced. They are related to interaction protocols in UML. Thus, in
summary, [2] follows the same idea as here, namely making use of standard
notations as much as possible. However, the authors of [2] design multiagent
systems by means of more than one diagram type.

5.2 Logic-based Agent Design and Analysis

[3] proposes an approach for the compositional verification of multiagent
systems. Although here agents are specified in a hierarchically manner, no
standard notation such as statecharts or class diagrams is used. Instead, a
logic-based approach is used with a temporal multi-epistemic logic. Compo-
sitional verification for one abstraction level is based on assumptions, e.g.,
that the agent system consists of a number of agents and external world com-
ponents, and a formal description exists how the whole multiagent system is
composed (composition relation). This approach is very nice from a theo-
retical point of view. However, there are no tools available for this approach —
neither for computer-aided software engineering nor for verification with the
specific logic, because no standard procedures are used, although a graphical
notation similar to UML collaboration diagrams is used.

In [1], a model-checking based decision procedure for multiagent sys-
tems is defined, which employs tools and technologies developed for model
checking. A class oflogics obtained by branching-time temporal logics (Com-
putational Tree Logic CTL) and belief-desire-intention modal logics is used
to specify systems of severals agents. For this purpose, multiagent finite state
machines are introduced, which allow a modular and incremental design
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and analysis of multiagent systems. However, again there is no standard soft-
ware engineering remedy used in this approach.

The approach in [12] shows a way from the specification of multiagent
systems by statecharts to their formal analysis by model checking. Thus, for
both the design and the analysis already known techniques are used. This
seems to be an important aspect, if one wants the industry to accept a new
approach. Therefore, [12] combines software engineering and artificial intel-
ligence aspects. This is also the major emphasis of this paper.

6 Final Remarks

In this paper, we presented a method for the specification of multiagent sys-
tems. It can be applied in different fields, e.g. robotic soccer with homoge-
neous agents and in networking applications where we have a system of het-
erogeneous agents as presented in this paper. The advantage of the approach
presented here is that the whole multiagent system can be specified with one
type of diagram, namely statecharts. They can be translated more or less au-
tomatically into executable code, e.g. into Prolog.

Communication among agents can also be specified within statecharts.
But here a more explicit representation seems to be desirable. This is subject
of further work. Further work shall also concentrate on refining the formal
specification of multiagent systems such that automatic analysis of certain
system properties can be done. In addition, it certainly would be interesting
that a formally verified multiagent specification is translated into running C
code or any other programming language. The approach presented here lays
the basis for the formal specification and verification of multiagent systems
(see also [12]).
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