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Abstract. Agents, as highly dynamic systems, are concerned with three
essential factors: (i) a set of appropriate environmental stimuli, (ii) a set of
internal states, and (iii) a set of rules that relates the previous two and
determines what the agent state will change to if a particular stimulus arrives
while the agent is in a particular state. Although agent-oriented software
engineering aims to manage the inherent complexity of software systems, there
is still no evidence to suggest that any proposed methodology leads towards
correct systems. In the last few decades, there has been a strong debate on
whether formal methods can achieve this goal. In this paper, we show how a
formal method, namely X-machines, can deal successfully with agent
modelling. The X-machine possesses all those characteristics that can lead
towards the development of correct systems. X-machines are capable of
modelling both the changes that appear in an agent's internal state as well as the
structure of its internal data. In addition, communicating X-machines can model
agents that are viewed as an aggregation of different behaviours. The approach
is practical and disciplined in the sense that the designer can separately model
the individual behaviours of an agent and then describe the way in which these
communicate. The effectiveness of the approach is demonstrated through an
example of a situated, behaviour-based agent.

1 Introduction

An agent is an encapsulated computer system that is situated in some environment
and that is capable of flexible, autonomous action in that environment in order to meet
its design objectives [1]. Agents, as highly dynamic systems, are concerned with three
essential factors: (i) a set of appropriate environmental stimuli or inputs, (ii) a set of
internal states of the agent, and (iii) a set of rules that relate the two above and
determines what the agent state will change to if a particular stimulus arrives while
the agent is in a particular state.

Although agent-oriented software engineering aims to manage the inherent
complexity of software systems [2], there is still no evidence to suggest that any
methodology proposed so far leads towards correct systems. In the last few decades,
there has been a strong debate on whether formal methods can achieve this goal.
Academics and practitioners adopted extreme positions either for or against formal



methods [3]. It is, however, apparent that the truth lies somewhere in between and that
there is a need for use of formal methods in software engineering in general [4], while
there are several specific cases proving the applicability of formal methods in agent
development. One of them was to formalize PRS (Procedural Reasoning System), a
variant of the BDI architecture [5] through the use of Z, in order to understand the
architecture in a better way, to be able to move to the implementation through
refinement of the specification and to be able to develop proof theories for the
architecture [6]. In an attempt to capture the dynamics of an agent system, an agent
can be viewed as a situated automaton that generates a mapping from inputs to
outputs, mediated by its internal state [7]. Alternatively, the DESIRE framework
focuses on the specification of the dynamics of the reasoning and acting behaviour of
multi-agent systems [8]. Finally, in a less formal approach, extensions to UML were
proposed (AUML) in order to accommodate the distinctive requirements of agents [9].

Although all the above have contributed to formal modelling of intelligent agents,
they were not able to solve the complexity problem of a single or a multi-agent
system. In this paper, we describe a formal method for modelling agents through its
behaviours. We decompose modelling into simpler independent steps that facilitates
and simplifies the development process. In section 2, the motivation of our work is
given and the background theory is introduced. Section 3 defines the proposed formal
method and section 4 demonstrates its capability to express complex systems through
an example. The practical advantages and the evaluation of the method are discussed
in Section 5. Finally, section 5 concludes this paper by presenting further work.

2 Motivation

One of the challenges that emerge in intelligent agent engineering is to develop agent
models and agent implementations that are correct. The criteria for correctness, as
stated in [10], are: (i) the initial agent model should match with the requirements, (ii)
the agent model should satisfy any necessary properties in order to meet its design
objectives, and (iii) the implementation should pass all tests constructed using a
complete functional test generation method.

All the above criteria are closely related to three stages of agent system
development, i.e. modelling, verification and testing. Proving correctness is facilitated
when modelling of an agent is done in a formal way. So far, however, little attention
has been paid in formal methods that could aid all crucial stages of correct system
development. The main reason for this drawback of formal methods is that they focus
on one part of the system modelling only. For example, system specification has
centered on the use of models of data types, either functional or relational models
such as Z [11] or VDM [12]. Although these have led to some considerable advances
in software design, they lack the ability to express the dynamics of the system. Other
formal methods, such as Finite State Machines [13] or Petri Nets [14] have little or no
reference at all to the internal data and how this data is affected by each operation in
the state transition diagram. Finally, Statecharts [15] capture the requirements of
dynamic behaviour and modelling of data but are rather informal with respect to
clarity and semantics.



2.1 Modéelling of change and data

Among all the above mentioned formal methods, Finite State Machines (FSM)
manage to capture the essential feature of an agent system, which is the change of its
internal state. FSM is a rather straightforward way for modelling reactive agents that
receive inputs from the environment and act upon these inputs according to their
current state. For example, consider a robotic agent that collects objects from some
environment and carry them to its base. The agent can be modelled with the following
tuple: (i) a set of states in which the agent can be, (ii) a set of inputs which correspond
to its stimuli, (iii) a set of transitions that change its current state according to a
stimulus and (iv) a set of outputs that define its actions (Fig.1).

obstacle

Fig. 1. An example of a reactive agent modelled as Finite State Machine.

The FSM, however, lacks the ability to model any non-trivial data structures. In
more complex tasks, one can imagine that the actions of the agents will also be
determined by the values stored in its memory. For example, the previously described
robotic agent may know its position, remember the position of the objects that meets
on the way or the position of obstacles, thus building a map of the environment in
order to eventually carry out the task in a more efficient way. Using FSM or their
variants [7,16] is rather complicated, since the number of states increases in
combinatorial fashion to the possible values of the memory structure.

2.2 Modelling as an aggregation of simpler modelsthat communicate

Agents can be modelled as stand-alone FSMs as shown above, but with the risk of
resulting to an extremely complex model. However, an agent can be also viewed as an
aggregation of simpler components, which model various different behaviours of the
agent. This fits with the three principles of complex agent systems: (i) decomposition,
(1) abstraction, and (iii) organization [17]. Another approach for reactive agents is
described in the subsumption architecture [18], in which behaviours can communicate
with each other in order to result in a situated agent with the desired overall robust



performance. Similarly, in the Cassiopeia method [19], the agents are defined by
following three steps: (i) identifying the elementary behaviours that are implied by the
overall task, (ii) identifying the relationship between elementary behaviours, and (iii)
identifying the organizational behaviours of the system.

Based on the latter, we believe that such a methodology can be practical in
developing agent models only if it can be able to cope with modelling of the
behaviours separately from the description of the behaviour interaction. This approach
has several advantages for the developer who: (i) does not need to model a new agent
from scratch, (ii) can re-use existing behaviours in other agent models, and (iii) can
view agent modelling as two separate distinct activities.

With respect to the above, certain approaches for building an agent require a brand
new conceptualisation and development of the system as a whole. This approach has a
major drawback, i.e. one cannot re-use existing behaviour models that have been
already verified and tested for their correctness. Often, in agent systems, components
from other agents are required. A desirable approach would be to conceptualise an
agent as an aggregation of independent smaller models of behaviours, which need to
communicate with each other. Thus, one does not need to worry about the individual
components, in which verification and testing techniques are applied, but only with
appropriately linking those components. This would lead to a disciplined development
methodology, which implies two distinct and largely independent development
activities, i.e. building simple models and then employing communication between
them.

3 A Formal Method for Agent Modelling

Bearing in mind the above, a formal method in order to be useful to modelling of

intelligent agents should be able:

o to model both the data and the changes of an agent,

e to model separately the behaviours of an agent and the ways the behaviours
interact with each other,

o to be intuitive, practical and effective towards implementation of an agent, and

o to facilitate development of correct agents.

All the above are prominent characteristics of the X-machine. A X-machine is a
general computational machine [20,21] that resembles a FSM but with two significant
differences: (i) there is memory attached to the machine, and (ii) the transitions are
not labeled with simple inputs but with functions that operate on inputs and memory
values. X-machines employ a diagrammatic approach of modelling the control by
extending the expressive power of the FSM. Data is held in memory, which is
attached to the X-machine. Transitions between states are performed through the
application of functions, which are written in a formal notation and model the
processing of the data. Functions receive input symbols and memory values, and
produce output while modifying the memory values (Fig.2). The machine, depending
on the current state of control and the current values of the memory, consumes an
input symbol from the input stream and determines the next state, the new memory
state and the output symbol, which will be part of the output stream. The formal



definition of a deterministic stream X-machine [22] is an 8-tuple XM = (2, I, O, M,

D, F, q9, my), where:

e X ['is the input and output finite alphabet respectively,

O is the finite set of states,

M is the (possibly) infinite set called memory,

@ is the type of the machine XM, a finite set of partial functions ¢ that map an

input and a memory state to an output and a new memory state, .2 xM—>I"xM

e Fis the next state partial function that given a state and a function from the type @,
denotes the next state. F is often described as a transition state diagram,
F:Q0x®—Q

® g, and m, are the initial state and memory respectively.
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Fig. 2. An abstract example of a X-machine; ¢;: functions operating on inputs and memory, S;:
states. The general formal of functions is: ¢(o,m) = (y,m') if condition
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Fig. 3. An abstract example of a Communicating X-machine component.

Several theoretical approaches for communicating X-machines have been proposed
[23,24,25,26]. All of them lead to the development of large-scale systems as a set of
X-Machines that communicate with each other. In this section we will describe the
approach that focuses on the practical development of communicating systems but
also subsumes all others [26].



The functions of a X-machine, if so annotated, read input from a communicating
stream instead of the standard input stream. Also, the functions may write to a
communicating input stream of another X-machine. The normal output of the
functions is not affected. The annotation used is the solid circle (IN porf) and the solid
box (OUT port) to indicate that input is read from another component and output is
directed to another component respectively. For example, function ¢ in Fig.3 accepts
its input from the model x-m/ and writes its output to model x-m2. Multiple
communications channels for a single X-machine component may exist.

4  Modelling Reactive Agents as X-machines

Consider a reactive agent that is working in some environment and collects objects,
which are then carried to its base. Initially, the agent knows no object and searches in
random to find some of them. When an object is found, the agent carries it to its base,
but while going back records the objects met on the way in its memory. When the
object is dropped at the base, the agent sets an object from its list of objects as the
current goal and looks for it, thus performing a directed search. At all times the agent
is able to avoid obstacles found on its way. The agent is modelled by the X-machine
shown in Fig.4., which shows the next state partial function.

First of all, the input set of the X-machine consists of the percept and the x and y
coordinate it is perceived:

2 = ({space, base} OBSTACLE OBJECT)xCOORDxCOORD,
where [OBSTACLE, OBJECT] are basic types and COORD is of type integer, that is
COORDCZ. A basic type is the kind of abstraction made in a specification language
in the attempt to define "anything", without getting into details concerning their
implementation. The set of outputs is defined as a set of messages:

I'={"moving freely", "moving to base", "dropping food", ...}.

The states in which the agents can be are:

Q={At Base, Searching, At Obstacle, Going Back, Directed to Object}.

The state "Searching" applies to an agent that does not have a specific goal and
searches in random for an object. The state "Going Back" applies when the agent is
carrying an object and it is on its way back to its nest. The state "Directed to Object"
applies when the agent has a goal, i.e. remembers where an object is found during
previous explorations of the terrain. The memory consists of three elements, i.e. what
the agent carries, the current position of the agent, and the sequence of positions
where objects are found during its exploration:

M = (OBJECTKnone}) x (COORD x COORD) x seq (COORD x COORD)
where none indicates that no object is carried. The initial memory and the initial states
are respectively m, = (none, (0,0), nil) and q, = "At Base". It is assumed that the base
is at position (0,0). The type @ is a set of functions of the form:

function_name(input, memory) — (output, memory'), if condition.



M = (OBJECTU {none}, (COORDxCOORD), seq (COORDxCOORD))

REACTIVE
AGENT

do_nothing

find_base
direct_move

DIRECTED
TO OBJECT

lift_object
/| obstacle

avoidObstacle

find_obstacle

Fig. 4. An example of a reactive agent modelled as X-machine.

For example, the following are some of the functions of the agent model:
move( (space,xs,ys), (none,(x,y),nil) ) — ("moving freely",(none, (xs,ys),nil)),
if next(x,y,xs,ys)
direct_move ( (space,xs,ys),(none,(x,y),<(px,py)::rest>) ) —
("moving to object”, (none, (nx,ny),<(px,py)::rest>)),
if next(x,y,xs,ys) A closer_to_object(px,py,xs,ys)
lift_object( (obj,x,y),(none,(x,y),objectlist) ) —
("lifting object”, (0bj,(x,y),<(x,y) :: objectlist>)),
if obj eOBJECT
find_object( (obj,x,y), (item,(x,y),objectlist) ) —
("record object position"”, (item, (x,y), <(x,y) :: objectlist>)),
if item=none A obj eOBJECT A (x,y) & objectlist
where the functions next, closer to_object are considered as external functions:
next: COORDxCOORDxCOORDxCOORD—-BOOLEAN
closer_to_object: COORDxCOORD —BOOLEAN
External functions are functions that are already defined elsewhere or they are
possibly X-machines themselves. The X-machine theory allows for hierarchical
refinement of models, and therefore a X-machine can be considered as a function that
can be used in modelling of other X-machines [10].
An agent, however, can be conceptualized as a set of simple behaviours. The
methodology for building such an agent model should is based around three steps: (a)



identification of the behaviours, (b) modeling of individual behaviours, and (c)
aggregation of behaviours in order to construct the whole agent model. Towards this
approach, communicating X-machines can be used.

The behaviours of the previously described are: (a) searching for an object, (b)
moving directly to an object, (c) lifting and dropping objects, (d) avoiding obstacles,
(e) traveling back to the base, (f) building a map of the environment.

Each behaviour can be modelled as simple X-machines, as long as the states, the
input set (percepts in which this behaviour will react) and the memory is determined.
For example, “moving directly to an object” is an X-machine (Fig.5), called MD, with
three states Q={“Waiting for Goal”, “Starting Search”, “Moving Directly”}, an
input set X={space, base}, a memory M=(agent position, object position), an initial
state g,="Waiting for Goal”, etc. Similarly, “building map of the environment” is an
X-machine (Fig.5), called BEM, with only one state Q={“Building Map”}, an input
set 2=0OBJECTxCOORDxCOORD, a memory M=(seq COORDxCOORD), which
holds the objects positions, etc. The rest of the behaviours can be modelled
accordingly. Each machine has different memory, inputs (percepts), and functions.
Symbols used for inputs a memory need not be the same, i.e. models can be
independently built without any reference to other models at this stage.

M = (agent_position, object position) M = (seq COORDxCOORD)
BEM find_object

BUILDING
MAP

set_goal

MD .
receive_goal move_to_object

WAITING STARTING MOVING
FOR GOAL

SEARCH | o DIRECTLY
t receive_goal move_to_object

Fig. 5. The behaviours of an agent “moving directly to an object” and “building map of the
environment” modelled separately as X-machine components.

The next task is to set up the communication between the components. For
example, the behaviour of building the map of the environment should set a goal to
the behaviour of moving directly to an object. This is done by utilising the notation of
communicating X-machines, as shown in Fig.6. When an object is found, find object
is applied and the memory of BEM is updated. The set_goal function sends a message
of type COORDxCOORD to MD, which is perceived as input from receive_goal. The
memory (object position) is updated. Model MD continues to receive inputs and
apply its functions. In the meantime, if other objects are found, their position is
communicated form BEM to MD through the communication channel between the
two X-machines.



M = (agent_position, object_position) M = (seq COORDxCOORD)

MD BEM  find_object

receive_goal move_to_object
WAITING BEM(sTARTING MOVING
BUILDING
FOR GOAL DIRECTLY MAP

set_goal

Fig. 6. Communicating agent behaviours modelled as X-machines.

In the same manner, the rest of the behaviours can participate in the complete agent
model, which is built of simple but communicating X-machines components (Fig.7).
Each machine “works” separately and concurrently in an asynchronous manner. Each
machine may read inputs from a communication channel instead of its standard input
tape. Also, each machine may send a message through a communication channel that
acts as input to functions of another component.

AGENT SEARCHING
FOR OBJECT
PERCEPTOR MOVING TO
OBJECT
detect_space detect_base
.' AVOIDING
> OBSTACLES
LIFTING AND
detect_obstacle detect_object DROPPING
TRAVELLING
TO BASE

Fig. 7. The complete agent model modelled as an aggregation of different behaviours.

BUILDING
MAP OF THE
NVIRONMENT

Modelling of an agent can be incremental by providing components, which will
advance further the level of intelligent behaviour. More complex behaviours can be
modelled, as for example, the X-machine that builds an environment map for free
positions and positions of obstacles. Information held in the memory of this machine
could be used to efficiently move around the environment, or even to model a pro-
active behaviour for the agent (Fig.7). In principle, one can use X-machines to model
even more complex behaviours, like planning. Although the modelling complexity is
high, the theory behind X-machines allows modelling through hierarchical
development, refinement and use of communicating X-machines for building large-
scale systems [10].



5 Discussion and Evaluation

The approach described in this paper aims towards the development of formal models
of situated agents and meets the requirements set up in section 2. There are two
fundamental concepts associated with any dynamic or reactive system, such as an
agent, that is situated in and reacting with some environment [10]. Firstly, it is the
environment itself, which could be precisely or ill-specified or even completely
unknown, but nevertheless it involves identifying the important aspects of the
environment and the way in which they may change in accordance with the activities
of the agent. And also, it is the agent, which will be responding to environmental
changes by changing its basic parameters and possibly affecting the environment as
well. Thus, there are two ways in which the agent reacts, i.e. it undergoes internal
changes and it produces outputs that affect the environment. These concepts are
captured by X-machines as demonstrated by the example presented. The X-machine
method is rather intuitive, while formal descriptions of data types and functions can
be expressed in any known mathematical notation.

An important issue in the use of X-machines as a modelling formal method is that
they can lead towards the development of correct agents. Having constructed a model
of an agent as a X-machine, it is possible to apply existing model checking techniques
to verify its properties. A specifically defined logic, namely XmCTL, can verify the
model expressed as X-machine against the requirements, since it can prove that
certain properties, which implicitly reside on the memory of X-machine are true [27].
In addition, having ensured that the model is valid, we need to also ensure that the
implementation is correct, this time with respect to the model. This can be achieved
through a complete testing strategy, such as the one presented in [10], which finds all
faults in the implementation. Therefore, X-machines can be used as a core method for
an integrated formal methodology of developing correct systems.

By viewing an agent as an aggregation of behaviours, communicating X-machines
can be used. This approach is disciplined, in the sense that the developer can
separately model the components of an agent and then describe the way in which
these components-behaviours communicate. Also, components can be re-used in other
systems, since the only thing that needs to be changed is the communication part. For
example, the behaviour for avoiding obstacles is a component of any robotic agent.
The major advantage is that the methodology also lends itself to modular model
checking and testing strategies in which X-machines are individually tested as
components while communication is tested separately with existing methodologies,
mentioned above.

Communicating X-machines may be used to model multi-agent systems.
Modelling of multi-agent systems imposes the consideration of the means of
communication between agents, in order to coordinate tasks, cooperate etc. Also,
modelling of artificial environments in which agents act imposes the need of
interaction between agents and the environment. These requirements are met by the
communicating X-machines and shown to be effective in modelling of biology-
inspired agents, such as a colony of ants or bees for collective foraging [28,29].

Finally, through the use of XMDL [30], the X-machine formal method aims to
overcome one of the main criticisms for formal methods, i.e. practicality. XMDL (X-
Machine Description Language) is a declarative mark-up language, which permits the



designer to write ASCII code in order to describe a X-machine model, rather than
using any other ad-hoc mathematical notation. A number of tools have been
developed, like test-case generators, model checkers, automatic translators to
executable languages, such as Prolog or Java, animators etc., with XMDL as a
common modelling language.

6 Conclusionsand Further Work

We have presented a formal way to model behaviour-based agents, through the use of
X-machines. X-machines provide the ability to model individual behaviours of an
agent and then describe the way in which these behaviours can communicate with
each other. The main advantage of using the particular formal method is that it can
model both the internal changes of an agent state as well as the information stored in
an agent. Such features are particularly interesting in agent systems, since they act on
a dynamic environment and perceive the changes of the environment as inputs that
alter their internal states as well as their knowledge or beliefs. In addition, the formal
method can lead towards the disciplined development of correct agents using formal
verification and complete testing strategies.

Current and future work involves the applicability of the approach to simple
robotic agents, through the automatic translation of X-machine models to a higher
level programming language. Having based their design on X-machines we are trying
to guarantee that on one hand they possess the desired properties through model
checking, and on the other hand that they behave correctly under all circumstances
through complete testing.
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