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Abstract. X-machines is a formal method for modeling the behaviour
of a software system. Although X-machines proved to be very useful in
modelling and testing software systems, complex systems tend to have
a complicated unstructured memory which furthermore may vary from
developer to developer, depending on the modelling skills of the devel-
oper. Motivated by the fact that a UML class diagram can model the
structure of a software system according to object-oriented principles,
this paper presents OX-machines (Object X-machines), a specialization
of X-machines, in which the memory structure is implicitly defined from
class definitions. Thus, after modelling a system’s structure with a class
diagram, a developer can concentrate on the modeling of the system’s be-
haviour. In this paper, the formal definition of OX-machines is presented.
Furthermore, XMDL-O as a language extending XMDL (a markup lan-
guage used to model X-machines) is presented. XMDL-O specifications
can be transformed to XMDL specifications, for which several supporting
tools exist, including a parser, a type checker, and an animator. Finally,
examples from case studies illustrate the advantages of this object-based
modeling approach.

1 Introduction

One of the main advantages of X-machines [Eil74,HI98] compared to the stan-
dard finite state machines is the existence of an extra structure called memory.
Memory is a tuple including any information that is necessary to describe the
data of a system and it helps in modelling complex systems by using a small
number of essential states. However, it is not always straightforward to define
the memory type. Another difference of X-machines from finite state machines
is that transitions are labeled with functions and not simple inputs. Depending
on the representation selected for the memory, the definition of the functions
may vary. In the majority of the cases the function definitions imply a suitable
memory structure. Changing the function definitions may cause changes in the
memory representation. Modelling of large systems, like the steam-boiler case
study [Abr96] using X-machines [Ele02], has shown that the memory structure
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could be very difficult to write, understand and correspondingly it is easy to
make mistakes or omissions, and difficult to identify and fix logical errors.

Lately, X-machines have been utilized to enhance or support agile software
engineering techniques like use-case modeling [DTKO03] and acceptance test gen-
eration for extreme programming [DTO05]. Their efficient application requires a
formal model and a notation which is closer to the object-oriented paradigm
which is usually used in these agile techniques. Another attempt to adapt X-
machines to the object paradigm can be found in [SBHO1].

In this paper we present the XMDL-O language, an extension of the XMDL
language. XMDL-O allows the specification of the memory element in an object-
oriented flavour. The memory structure does not depend on the definition of
functions or the skills of the developer but it is derived by standard object-
oriented design techniques. Actually, a class diagram provides sufficient infor-
mation for constructing the memory structure. Thus the modeler is not con-
cerned with the representation of the memory but only with the definition of the
classes, the state diagram of the system, and the definition of the functions. The
resulting XMDL-O specification is appealing and more readable to developers
who are acquainted with the usual object-oriented notation.

In section 2, we briefly present X-machines. We propose a structured way
for representing the memory element of an X-machine specification based on
object-oriented concepts in section 3. In section 4 we present XMDL, a practical
language for X-machine specification suitable for the development of tools. In
section 5, we present XMDL-O, an extension of XMDL that supports the ideas
proposed in section 3 and we briefly compare the two languages in section 6.
Section 7 presents the implementation of XMDL-O and finally section 8 discusses
further work and closes the paper with some conclusions.

2 X-machines

Stream X-machines (or X-machines for short) is a formal modelling method
based on the finite state machines theory. It combines both mathematical for-
malization and diagrammatic representation of a system. In contrast to finite
state machines, they are capable of modelling non-trivial data structures by em-
ploying a memory, which is attached to the X-machine and by labeling transitions
with processing functions instead of simple inputs. Functions receive inputs and
memory values, and produce output, modifying the memory values.

Definition. A stream X-machine SX M is defined as a tuple:
SXM = (E7F5Q7M7457F7QOam0)
where:

— XY and I is the input and output finite alphabet respectively;
— () is the finite set of states;
— M is the (possibly) infinite set called memory;
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— @ is the type of the machine SX M, a finite set of partial functions ¢ that
map an input and a memory state to an output and a new memory state,
¢: X xM—->T xM,;

— F'is the next state partial function that given a state and a function from
the type @, provides the next state, F': Q X & — @ (F' is often described as
a transition state diagram);

— qo € Q and mg € M are the initial state and memory respectively.

The memory M holds all the necessary transient and persistent data for the
computation of the model. The memory consists of tuples (¢y,...,t,) where ¢;
can be any constant or any complex term (tuple) of types, such as built-in data
structures and numbers.

3 Object-based memory structure

The primary aim of this work is to propose a standard structured way for rep-
resenting the memory based on object-oriented concepts such as objects and
attributes. The motivation is that a developer experienced in object-oriented
design can easily derive a static class diagram illustrating all classes of the do-
main, their associations, and their attributes. The memory of the X-machine
should naturally result from the information present on the class diagram. In
the following we define the construction of the X-machine memory having as a
starting point classes, attributes and their types.

Definition. Given C, A, and type where

— C={a,c,...,c,} is a finite set of classes;

— A is a finite C-sorted set: A = {A.}cec where A. = {ai1c,...,am} is the
finite set of attributes of class ¢

— type is a finite C-sorted set: type = {type.}c.cc where type. : A, — C is a
mapping from attributes to classes determining the type of each attribute;

we constructively define the type M of the memory based on C, A, and type as:

M = OM(A7 01 type)
=0¢ X ... X0 X Vg X oo o X Vigyop X oo X Vg, X ooy Vagen

where O, is a set of objects of class ¢; € C and Vy,¢; = Og; X Oty,,ecj (a;) 18 @ set
of object-attribute value pairs for all objects and all attributes a; € A, of class
¢j. Oy is called the constructor of the memory type.

Using the Opr memory constructor we can define OX — machines having an
object-flavoured memory structure.

Definition. An OX-machine OX is defined as a tuple:
0X = (EapaQaOaAytypes ¢7 Fa qO:mO)

where:
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— X and I is the input and output finite alphabet respectively;

— @ is the finite set of states;

— (' is a finite set of classes;

— A is a finite C-sorted set of attributes;

— type is a finite C-sorted set of mappings from attributes to classes;

— & is the type of the machine, a finite set of partial functions ¢ that map
an input and a memory state to an output and a new memory state, ¢ :
Y x M — I' x M, where M = Oy (C, A, type);

— Fis the next state partial function that given a state and a function from
the type @, provides the next state, F': QQ x & — Q;

— qo € Q and mg € M (where M = Oy (C, A, type)) are the initial state and
memory respectively.

In contrast with the standard X-machine definition the type M of the memory
does not need to be explicitly defined. One has to define instead the set C of
classes, and the sets A. of attributes and the mappings type. for all classes
c € C. This is a more natural task for a developer experienced in object-oriented
programming.

Example. This example models an ATM, cards to be used at the ATM and
their corresponding customers. Initially, there are three cards, the first two cards
belong to the first customer and the third to the second customer. Each card
has its id number and its PIN number and each customer has a balance. The
existence of a NUM BER class modelling the natural numbers is assumed for
convenience.

There is initially no card in the ATM. For the definition of the OX-machine
for the ATM we define three classes:

C ={ATM,CARD,CUSTOMER}
The C-sorted set of the sets of attributes is

A={Aarm,Acarp,AcustoMER}

where
Aarm = {numberof PIN Entries, currentCard}
Acarp = {id, PIN, customer}
Acvstomer = {balance}
Finally:

type arar (numberof PIN Entries) = NUMBER

type arm (currentCard) = CARD
typecarp(id) = NUMBER
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typecanp(PIN) = NUMBER
typec arp(customer) = CUSTOMER
typecustomer(balance) = NUMBER
The memory is the cross product of sets of objects and attribute mappings:
M = O0pn (A, C, type)
= Oarm x Ocarp X OcusTOMER X
Viumberof PIN Entries, ATM X VeurrentCard, ATM X

Via,carp X VPIN,cARD X Veustomer,CARD X
Viatance,cUSTOMER

To define the initial memory mg one has to define a set of objects for each
class and sets of pairs of object-attribute values. For instance, the sets of objects
may be:

Oarm = {atm}
Ocarp = {cardy,cardsy, cards}

Ocusrtomer = {customery, customers}

and the sets of attribute values may be:

VnumberofPINEntries,ATM = {(atm7 0)}

Vewrrentcara, aTm = {(atm,null)}
Via,carp = {(cardy, 111), (cards, 112), cards, 113)}
Vein,carp = {(cardy, 1111), (cards, 2222), cards, 3333) }
Veustomer,cARD = {(cardy, customer,), (cards, customery), cards, customers)}

Viatance,customer = {(customery,1000), (customers, 0)}

4 XMDL: a language for X-machines

X-machines modeling is based on a mathematical notation which implies a cer-
tain degree of freedom, especially as far as definition of functions are concerned.
In order to make the approach practical and suitable for the development of tools
around X-machines, a standard notation has been devised and its semantics fully
defined [KK00]. This notation, namely X-machine Definition Language (XMDL),
is used as an interchange language between developers who could share models
written in XMDL for different purposes [KES03]. To avoid complex mathemat-
ical notation, the language symbols are completely defined in ASCII code.
Briefly, XMDL is a non-positional notation based on tags, used for the dec-
laration of X-machine parts (table 1), e.g. types, set of states, memory, input
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Table 1. Basic XMDL keywords

X-machine XMDL syntax Informal semantics
element

M #model < modelname > Assigns a name to a model
X #input < setofinputs > Describes the input set
r F#output < setofoutputs > Describes the output set
Q F#states < setofstates > Defines the set of states
M #memory < memorytuple > | Defines the memory tuple
qo #init_state < state > Sets the initial state
mo #init_memory < memory > Sets the initial memory
F #transition (q,¢) = q Defines each transition in F
[ #fun < functiondefinition >| Defines a function in ¢

and output symbols, functions etc. The functions take two parameter tuples, i.e.
an input symbol and a memory value, and return two new parameter tuples,
i.e. an output and a new memory value. A function may be applicable under
conditions (if-then) or unconditionally. Variables are denoted by the prefix 7.
The informative where in combination with the operator <- is used to describe
operations on memory values. The functions are of the form:

#fun <function name> ( <input tuple> , <memory tuple> ) =
if <condition expression> then

( <output tuple>, <memory tuple> )
where

<informative expression>.

In table 1 basic keywords used in XMDL to describe a stream X-machine are
presented and briefly explained. The full description of XMDL can be found in
the reference manual [Kef00].

5 XMDL-O: a language for OX-machines

5.1 Design of the language

The XMDL-O language was designed with the aim to make the transition from
XMDL easy. Thus XMDL-O should keep as much as possible from the XMDL el-
ements and the new elements should have similar syntax to XMDL. Furhtermore,
it should enable developers of object oriented programs who haven’t specified
before in XMDL, to write their specifications as intuitively as possible.

These aims are fullfilled by the following characteristics of the language:

— Each statement starts with a hash character "#" and ends with a dot char-
acter "." followed by whitespace.

— The dot character "." (followed by some character) is used for the usual
object-oriented dot notation for accessing attributes of objects.
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