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Abstract. An X-machine is a general computational machine that can model: (a) non-trivial data structures
as a typed memory tuple and (b) the dynamic part of a system by employing transitions, which are not la-
beled with simple inputs but with functions that operate on inputs and memory values. The X-machine formal
method is valuable to software engineers since it is rather intuitive, while at the same time formal descrip-
tions of data types and functions can be written in any known mathematical notation. These differences allow
the X-machines to be more expressive and flexible than a Finite State Machine. In addition, a set of X-
machines can be viewed as components, which communicate with each other in order to specify larger sys-
tems. This paper describes a methodology as well as an appropriate notation, namely XMDL, for building
communicating X-machines from existing stand-alone X-machine models. The proposed methodology is ac-
companied by an example model of a traffic light junction, which demonstrates the use of communicating X-
machines towards the incremental modeling of large-scale systems. It is suggested that through XMDL, the
practical development of such complex systems can be split into two separate activities: (a) the modeling of
stand-alone X-machine components and (b) the description of the communication between these components.
The approach is disciplined, practical, modular and general in the sense that it subsumes the existing meth-
ods for communicating X-machines.

1. Introduction

Although many software engineering methods and methodologies are devised in order to deal with the
development of complex software systems, there is still no evidence to suggest that, apart from formal
methods, any of them leads towards “correct” systems. In the last few decades, academics and practi-
tioners adopted extreme positions for or against formal methods [1], with the truth lying somewhere
between but the necessity of formal methods in software engineering of industrial systems still appar-
ent [2]. Software system specification has centred on the use of models of data types, either functional
or relational models such as Z [3] or VDM [4] or axiomatic ones such as OBJ [5]. Although these
have led to some considerable advances in software design, they lack the ability to express the dynam-
ics of the system. Also, transforming an implicit formal description into an effective working system
is not straightforward. Other formal methods, such as Finite State Machines [6] or Petri Nets [7] cap-
ture the dynamics of a system, but fail to describe the system completely, since there is little or no
reference at all to the internal data and how this data is affected by each operation in the state transi-
tion diagram. Other methods, like Statecharts [8], capture the requirements of both the dynamic be-
haviour and modelling of data but are rather informal with respect to clarity and semantics, thus being
susceptible to many interpretations. So far, little attention has been paid in formal methods that could
facilitate all crucial stages of “correct” system development, namely modelling, verification and test-
ing.

X-machines is a formal method that is able to deal with all these crucial stages. An X-machine is a
general computational machine introduced by Eilenberg [9] and extended by Holcombe [10], that
resembles a Finite State Machine (FSM) but with two significant differences: (a) there is an underly-
ing data set attached to the machine, and (b) the transitions are not labeled with simple inputs but with
functions that operate on inputs and data set values. These differences allow the X-machines to be



more expressive and flexible than the FSM. In this paper, we use X-machines for modeling communi-
cating systems.

As described above, the majority of formal languages facilitate the modeling of either the data
processing or the control of a system. A particular interesting class of X-machines is the Stream X-
machines that can model non-trivial data structures as a typed memory tuple. Stream X-machines em-
ploy a diagrammatic approach of modeling the control by extending the expressive power of the FSM.
They are capable of modeling both the data and the control by integrating methods, which describe
each of these aspects in the most appropriate way. Transitions between states are performed through
the application of functions, which are written in a formal notation and model the processing of the
data, which is held in the memory. Functions receive input symbols and memory values, and produce
output while modifying the memory values (Fig. 1). 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 out-
put stream. The formal definition of a deterministic stream X-machine [11] is an 8-tuple M = (%, ', Q,
M, @, F, qp, my), where:
= %, I' is the input and output finite alphabet respectively, i.e. two sets of symbols,

. Q is the finite set of states,
n M is the (possibly) infinite set called memory, i.e. an n-tuple of typed symbols,

n @ is the type of the machine M a finite set of partial functions ¢ that map an input and a mem-

ory state to an output and a new memory state, 0: XXM - ' x M,
. F is 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: Q x ® - Q, and
n go and my are the initial state and memory respectively.
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Fig. 1. An abstract example of an X-machine; ¢;: functions operating on inputs and memory, S;: states.
The general format of functions is: ¢(c,m) = (y,m’) if condition.

Stream X-machines can be thought to apply in similar cases where Statecharts and other similar no-
tations, such as SDL, do. However, apart from being formal as well as proved to possess the computa-
tional power of Turing machines [11], X-machines have other significant advantages. Firstly, they
provide a mathematical modeling formalism for a system. Consequently, they offer a strategy to test
the implementation against the model [12,13], which is a generalization of W-method for FSM testing
[14]. It is proved that this testing method is guaranteed to determine correctness if certain assumptions
in the implementation hold [11]. Finally, a model checking methodology for X-machines is devised
[15] that facilitates the verification of safety properties of a model. Therefore, the X-machines can be
used as a core notation around which an integrated formal methodology of developing correct systems
is built, ranging from model checking to testing [15,16]. In principle, X-machines are considered a
generalization of models written in similar formalisms. Concepts devised and findings proven for X-
machines form a solid theoretical framework, which can be adapted to other, more tool-oriented
methods, such as Statecharts or SDL.

In this paper, we explore another dimension of X-machine modeling, i.e. the ability to specify
large-scale systems in terms of components that communicate with each other. In addition, we demon-
strate how formal specification can also be practical through an appropriately devised notation and an
incremental modular development methodology. In section 2 of this paper, a review of the communi-



cating X-machine approaches is presented and the motivation of our work is given by identifying the
limitations of existing approaches. The main contribution of this work is analytically discussed in
section 3 where our methodology as well as the appropriate notation is described. A concrete example
is given in order to accompany the theory and demonstrate the applicability of the approach. In sec-
tion 4, the advantages of the current approach over the alternatives are discussed. Finally, in the last
section, current as well as further work concludes this paper.

2. Review of Communicating X-machine Theory

A number of different communicating X-machine approaches have been proposed [17,18,19]. We
describe in more detail the approach proposed in [17], since, it is more general than [18], and unlike
[19], it is sound and preserves the main advantage of X-machines, i.e. the testing method for stand-
alone X-machines can be applied. All the approaches are compared to the proposed methodology of
this paper in the last section. A Communicating Stream X-machine with n components is a system
[17]:

CSXMn = ( (XMC,) i=1..ns CM, CO)
where:
= XMC,; is an X-machine Component of the system,
= CM is a nXn matrix, namely the Communication Matrix,
= C, is the initial communication matrix.

In the following, we will refer to components of the communicating stream X-machine as XMC
rather than X-machine, since the definition of XMC is different from the one of a stand-alone X-
machine. In the described model, the communication of XMCs is established through the communica-
tion matrix. The matrix cells contain “messages” from one XMC to another. The (i,j) cell contains a
“message” from XMC; to XMC;, i.e. XMC; reads only from i"™ column and writes only in i" row. The
matrix cells may contain an undefined value A which stands for “no message” while all the (i,1) cells
remain empty. The “messages” can be of any type defined in all XMC memories. In order to deliver
or receive “messages”, an XMC; requires an input port IP; and an output port OP;, which contain
individual elements (Fig. 2). The type of these elements is IN; and OUT; respectively, which are sets
of values from the memory M; or the undefined value A, that is IN;, OUT; U M;LJ{A} and ALIM,.

In order to utilize the IP and OP ports, there exist special kind of states and functions, which are
called Communicating States and Communicating Functions respectively. Therefore, inside an XMC,
there exist:
= Processing Functions, which affect the contents of IP and OP ports, emerge from processing states,

and do not affect the communication matrix, and
=  Communicating Functions, which either read an element from the matrix and put it in the IP port,

or write an element from the OP port to the matrix.

Communication Matrix
MEMORY i

MEMORY

XMC;

XMC;

Fig. 2. Two X-machines Components, XMC; and XMC; can communicate through their IP and OP ports and
the Communication Matrix.

The communicating functions emerge only from communication states, accept the empty symbol ¢
as input, and produce € as output, while not affecting the memory. The communicating functions can
write to the matrix only if the cell contains the special value A. After the communicating functions
read from the matrix, the cell is assigned the value A. If a communication function is not applicable, it



“waits” until it becomes applicable (Fig. 3). Formally, the processing functions of an XMC are de-
fined as:

pf(o, m, in, out) = (y, m’, in’, out’) where: cLUX, m,m’[IM, in,in’ JIN, out,out’JOUT , yOI"
and, the communication functions are defined as:

cf(e, m, in, out, ¢) = (¢, m, in’, out’, ¢’) where: m[IM, in,in’ UJIN, out,out’JOUT , c,c’HCM

Therefore, the new ®; set for an XMC; is the union of all the processing functions pflid,; with all

the communicating functions cfll®,; , i.e. O= Oyl D and O, N O = U, where:

pf: 2i XxM; X IN; x OUT; - I't X M; X IN; x OUT;

cf: 2 X M; X IN; x OUT; x CM - I'; xM; xIN; x OUT; x CM

MEMORY MEMORY cM
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Fig.3. An abstract view of Processing and Communicating Functions and their parameters.

For example, assume a producer and a consumer combination. The producer generates items, while
the consumer accepts two items and operates on them. The two XMCs, together with their processing
as well as communicating states and functions are illustrated in Fig. 4. The producer is an XMC that,
given a stream of inputs, activates the processing functions begin and continue, which in turn store a
partially constructed item into the memory. When the item construction is complete, the item is trans-
ferred to the OP port and the machine is at transmitting state. The function send is activated in order
to send the item from the OP port to the communication matrix. On the other hand, the consumer is an
XMC that is at waiting state until an item appears in the communication matrix. When it does, the
function get is activated, putting the item into the IP port. The processing function accept first is re-
sponsible for moving the item from the IP port to the memory. When the second item is read, consume
operates on both items existing in the memory. A formal definition of the two XMCs exists but falls
outside the scope of this section.

It is apparent that the above XMCs are different from stand-alone X-machines that someone could
specify without the intention to communicate, since:
= there might be different initial states, e.g. gy=waiting for XMConsumer While for the stand-alone X-

machine would have been g,=consuming _first,
= there are additional communicating functions in all XMCs,
= the processing functions are different, e.g. in the XMCoqucer complete is required to write to the IP

port,
= the state transition diagrams are different.

The above approach to building communicating systems is sound and preserves the ability to gen-
erate a complete test set for the system, thus guarantying its correctness. However, it suffers one ma-
jor drawback, that is, a system should be conceived as a whole and not as a set of independent com-
ponents. As a consequence, one should start from scratch in order to specify a new component as part
of the large system. In addition, specified components cannot be re-used as stand-alone X-machines or
as components of other systems, since the formal definition of a stand-alone X-machine differs sig-
nificantly from the definition of an XMC. Moreover, the semantics of the functions affecting the
communication matrix impose a limited asynchronous operation of an XMC. For example, the opera-
tion of the XMCoqucer 18 Testricted, since it is not allowed to construct a second item if the first one is
not received by the XMConsumer (the cell in the communication matrix is not empty and therefore the
producer keeps on being at state transmitting).
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Fig.4. A producer and a consumer as XMCs of a communicating system.

A different methodology, namely COMX, of constructing communicating X-machines is described
in [19]. The communication is also based in nominated IN and OUT ports and described as a separate
diagram. The methodology follows a top-down approach and the intention is mainly to verify that
certain properties of the communicating system are satisfied, such as reachability, boundness, dead-
locks etc. A complex formal notation is used, which however is far from being standard in order to
lead to the construction of appropriate tools. In addition, no effort is made to preserve the semantics
of stand-alone X-machines, and therefore existing techniques for component testing as well as poten-
tial communicating system testing are unusable.

3. Building Systems from stand-alone X-machines

Our intention is to present an alternative approach for communicating X-machines and at the same

time aim towards practical and disciplined development. Instead of redefining X-machines as XMCs

above, we conform to the standard definition, so that X-machine specifications can be used as compo-

nents of large-scale communicating systems as they are, without changes. As opposed to the previ-

ously defined approach as well as COMX, the new approach has several advantages for the developer

who:

= does not need to model a communicating system from scratch,

®  can re-use existing models,

= can consider modeling and communication as two separate distinct activities in the development of
a communicating system,

= can use existing tools for both stand-alone and communicating X-machines.

Together with keeping the standard definition of X-machines, we suggest a bottom-up methodology

for developing communicating systems, which consists of three steps:

= developing X-machine models independently of the target system, or using existing models as they
are, as components of the new system,

= determining the way in which the independent models communicate,

= extending the system to accommodate more instances of already defined models.

The steps of the methodology are described in the next section through an example.

3.1 Modeling Two Independent X-machines (Step 1)

Consider a junction with three traffic lights and three corresponding queues of cars (Fig.5). The first
step of the proposed methodology implies the modeling of two of system components, i.e. an X-
machine for a traffic light and an X-machine for a queue of cars. The memory of a queue X-machine
holds a sequence of cars arrived at the traffic light. Functions are activated by the arrival of a car or by
a signal car leaves when the car leaves the junction and consequently the queue. A second X-
machine models a traffic light, which has two colours (red and green). The memory of the traffic light



X-machine holds the total number of ticks elapsed since the last change of colour as well as the num-
ber of ticks that a colour should be displayed (duration). An optional feature, namely the time delay,
i.e. the number of ticks that should elapse before the normal operation of the traffic light may also be
included in the memory. Such feature may not be specified, but, either way, it can be implemented
later on in the communicating system using a different approach, as it will be shown later. The func-
tions are activated by an input signal tick, which simulates a clock tick. The next state functions for
the models queue and traffic light are shown diagrammatically in Fig. 6.
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Fig.5. A junction with three traffic lights and corresponding queues.

The formal definitions of the two X-machines are presented below using the notation of X-machine
Description Language [20], which is intended to be an ASCII-based interchange language. The use of
XMDL makes formal specification more practical, since models that are specified in this language can
be processed by various tools, such as an animator, a test set generator, a model checker etc. [21,22].
Briefly, XMDL is a non-positional notation based on tags, used for the declaration of X-machine
parts, e.g. types, set of states, memory, input 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 7. The informative where in combination with the operator
<-isused to describe operations on memory values. Therefore the functions are of the form:

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

( <output tuple> <nmenory tuple>)
[ where

<informative expression>].

The full syntax and semantics of XMDL can be found in [23]. In the following, only the XMDL
code of the queue X-machine will be analytically described, while the code of the traffic light will be
just listed. Firstly, an XMDL code includes the declarations of the model name as well as the basic
and user-defined types. In this case, a CAR is a basic type, i.e. anything, car_queue is defined as a
sequence of cars. The types inputset and messages will be used later on.

#model queue.

#basi c_type [CAR].

#type car_queue = sequence_of CAR

#type inputset = CAR union {car_| eaves}.

#type messages={FirstArrived, Next Arrived, CarLeft, Last Car Left, NoCar | nQueue}.

The memory of the queue X-machine should hold the sequence of cars. The initial memory is de-
clared as an instance of memory, in which the queue is empty.

#menmory (car_queue).



#init_menory (nil).

M=(seq CARS) M=(TicksElapsed, Delay, DurGreen, DurRed)
queue traffic light
arrives
. delay keep_green
first_arrives ‘ change_green
last_leaves v 5 d
reject - leaves change_re
keep_red delay

Fig.6. The state transition diagrams of the queue and traffic light X-machines
Accordingly, the set of states and the initial state are declared:

#states = {enpty, queuing}.
#init_state {enpty}.

The input and output symbols are based on the types previously declared by the specifier. The input

is declared as any car or the signal car leaves, whereas the output indicates the operation triggered:

#i nput (inputset).
#out put (messages).

The set of transitions shown in Fig. 6 are listed:

#transition (enpty, first_arrives) = queuing.
#transition (queuing, arrives) = queuing.
#transition (queuing, |eaves) = queuing.
#transition (queuing, |ast_|eaves) = enpty.
#transition (enpty, reject) = enpty.

The function first _arrives is triggered by an input, i.e. a car, when the queue is empty. As a result a

car is put in the queue sequence:

#fun first_arrives( (?c), (nil)) =
if ?c belongs CAR then ((FirstArrived), (<?c>)).

In order to complete the specification, the rest of the functions are defined in the same manner:

#fun arrives( (?c), (?queue)) =

if ?c belongs CAR then ((NextArrived), (?newqueue))
wher e

?newqueue <- ?c addat endof ?queue.
#fun | eaves( (car_leaves), (<?c :: ?rest>)) = ((CarlLeft), (?rest)).
#fun | ast _| eaves( (car_l eaves), (<?c>)) = ((LastCarLeft), (nil)).
#fun reject( (car_leaves), (nil)) = ((NoCarlnQueue), (nil)).

Accordingly the traffic light X-machine is defined as follows:

#nmodel traffic_light.

#type ticks_el apsed = natural 0.

#type delay = natural 0.

#type duration_green = natural.

#type duration_red = natural.

#type inputsignal = {tick}.

#type output = {RedCol our, G eenCol our, StartUp}.



#menory (ticks_el apsed, delay, duration_green, duration_red).
#istates = {red, green}.

#init_menory (O, 10, 30, 20).

#init_state = {red}.

#i nput (i nputsignal).

#out put (out putset).

#transition (red, keep_red) = red.
#transition (red, change_green) = green.
#transition (red, delay) = red.
#transition (green, keep_green) = green.
#transition (green, change_red) = red.
#transition (green, delay) = green

#fun delay ((tick), (?te, ?delay, ?dg, ?dr)) =

if ?2d>0 then ( (StartUp), (?te, ?new_delay, ?dg, 7?dr) )
where ?new del ay <- ?delay - 1.
#fun keep_red ((tick), (?te,0,?dg, ?dr)) =

if ?new_te<?dr then ( (RedColour), (?new_te, 0, ?dg, ?dr) )
where ?new te <- ?te + 1.
#fun keep_green ((tick), (?te,0,?dg,?dr)) =

if ?new_te<?dg then ( (G eenColour), (?new_te, 0, ?dg, 7?dr) )
where ?new te <- ?te + 1.
#fun change_green ((tick), (7?dr,0, ?dg, ?dr))
#fun change_red ((tick), (?dg,0,?dg,?dr)) =

= ((GreenCol our), (0,0, ?dg, ?2dr)).
((RedCol our), (0,0, ?dg, ?dr)).

3.2 Building a Communicating System (Step 2)

In our approach, we have replaced the communication matrix by several input streams associated with
each X-machine component. Although, this may look only as a different conceptual view of the same
entity, it will serve both exposition purposes as well as asynchronous operation of the individual ma-
chines. X-machines have their own standard input stream but when they are used as components of a
large-scale system more streams may be added whenever it is necessary. The number of streams asso-
ciated with one X-machine depends on the number of other X-machines, from which it receives mes-
sages (Fig. 7).

messages from X to X;

T ey A
A messages from X, to X; —‘

messages from X; to X;

Fig. 7. Three X-machines X, X,, and X3 and the resulting communicating system where X, communicates
(writes) with X, and X3, while X5 communicates (writes) with X;. Therefore X, has three input streams, X3 has
two input streams, while X, has only its own standard input stream

The previously defined X-machines can communicate in the following way; when the traffic light
becomes green, the queue can be notified to leave the cars depart one by one, providing that there is at
least one car in the queue. For simplicity, we can assume that one car leaves the queue on each tick of
the clock. This can be adjusted, as we shall see later. While this happens, more cars may arrive join-
ing the queue, waiting for a signal to depart. The above interaction would mean that the X-machine
traffic light should send a message to X-machine queue, which will act as an input.

If so annotated, the functions accept input from the communicating steam 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 to indicate communication is



depicted in Table 1. Formally speaking, the definition of type @ in the X-machine changes from that
in the definition of M. The formal definition of the functions in ® of a communicating X-machine
component can be found in [24]. In this paper, we aim to demonstrate the practicality of the approach.

Table 1. Annotation for diagrams of communicating X-machine specifications.

Annotation Semantics

[:]—>D Function reads an input from standard input stream and

writes to output stream.

model name
D Function reads an input from a communication input
stream, i.e. a “message” sent by the annotated model
name.
model name
D Function writes a “message” to the communication

input stream of machine with the annotated model
name. The “message” is sent after all the output pa-
rameters are instantiated.

The models queue and traffic_light become as illustrated in Fig. 8. In order to incorporate the
above semantics, the syntax of XMDL is enhanced by the following annotation:

#conmuni cati on of <nodel nane>:

<function nane> reads from <nodel nane>

<function nane> wites <nmessage> to <nodel nane>

[ where <expression> from (nmenory|input|output) <tuple>].

The developer needs only to write is the XMDL code referring to communication, while the rest of
the specification, i.e. the part referring to the X-machine components and described earlier, remains
unchanged:

#conmuni cati on of queue:

| eaves reads fromtraffic_light.

| ast _| eaves reads fromtraffic_light.
reject reads fromtraffic_light.

#communi cation of traffic_light:

change_green writes (car_| eaves) to queue.
keep_green wites (car_|leaves) to queue.

M=(seq CARS) M=(TicksElaspsed, Delay, DurGreen, DurRed)

queue traffic light

arrives

traffic light  traffic light traffic light

first_arrives

change_red
keep_red

Fig.8. The state transition diagrams of the queue and traffic light X-machine specifications as a part
of a communicating system



3.3 Extending the System (Step 3)

Developing larger models as communicating systems from existing building blocks implies the need
for some more features, which can be included in communicating X-machines. For example, if there
are more traffic lights in the system, then there must be an additional X-machine that does the sched-
uling.

In the approaches presented by other researchers [17,18,19], the developer should start from scratch
by re-defining all XMCs. In the current approach, re-building the system includes only the modifica-
tion of the communication part and one new specification, i.e. the scheduler X-machine. In the follow-
ing example, there are three traffic lights and therefore three queues of cars, which operated in a
round robin fashion (Fig.5). The scheduler is responsible to synchronise and allocate a time-share to
each device (e.g. traffic light) to operate on a certain mode (e.g. become green).

The scheduler model can either be created from scratch as an X-machine, or it may already exist as
a component of some other system that needed the same type of device scheduling. The model of the
scheduler is general and does not refer to any of the other X-machines, i.e. queue or traffic light. The
complete model of the scheduler in XMDL is the following:

#model schedul er.

#type I nputSet = {clock_pulse, switch_device}.

#t ype Accunul at edTi me=nat ur al 0.

#menory (Accurnul at edTi ne) .

#states = {schedul i ng_device_1, scheduling_device_2, scheduling_device_3}.
#init_state = {schedul i ng_device_1}.

#init_menmory (0).

#i nput (I nput Set).

#out put (Accurul at edTi e) .

#transition (scheduling_device_1, operate) = schedul i ng_device_1.
#transition (scheduling_device_1, sw tch) = scheduling_device_2.
#transition (scheduling_device_2, operate) = scheduling_device_2.
#transition (scheduling_device_2, switch) = scheduling_device_3.
#transition (scheduling_device_3, operate) = scheduling_device_3.
#transition (scheduling_device_3, switch) = scheduling_device_1.

#fun operate ((clock_pulse), (?t)) = ((?nt), (?nt))
wher e ?nt <- ?t+1.
#fun switch ((switch_device), (?t)) = ((?t), (?t)).

The complete system is illustrated in Fig.9. The scheduler communicates with the three traffic
lights by sending the “message” fick to them. The traffic lights communicate with the corresponding
queues as shown earlier by sending the “message” car_leaves. Finally, a traffic light sends the “mes-
sage” switch_device to the scheduler after the appropriate time has elapsed and changed from green to
red or vice versa.

Nothing in the original models of the X-machine components that describe the queue and the traffic
light need to change. However, several instances of the models queue and traffic_light should be cre-
ated, each one with different initial state and initial memory. A syntax that can serve this purpose is
the following:

#model <instance name> instance_of <nodel name>
[with:

#init_state = <instance initial state>.
#init_menory <instance initial menmory tuple>].

10
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Fig. 9. The complete junction system containing three traffic lights as well as their corresponding queues and
a scheduler to control them in a round robin fashion.

For the junction system, if the traffic lights have a 10-20-30 clock ticks green time-share, the

XMDL code is the following:

#nmodel tl1 instance of traffic_light with:
#init_state = {green}.

#init_menory (0,0, 10, 50).

#nmodel tl12 instance of traffic_light with:
#init_state = {red}.

#init_menory (0O, 10, 20, 40).

#nmodel t13 instance of traffic_light with:
#init_state = {red}.

#init_menory (0O, 30, 30, 30).

#nmodel queuel instance_of queue.

#nodel queue2 instance_of queue.

#nodel queue3 instance_of queue.

M = (AccumulatedTime)

scheduler ¢} 12,113 tl1, tl2, t13

tl1, 112, 113

scheduling
device 1

scheduling
device 2

switch
tl1, t12, ti3

tl1, t12, 13

tl1, t12, 13

scheduling
device 3

Fig.10. The state transition diagram of the scheduler X-machine specification as a part of a communicating sys-

tem.

The communicating X-machine model for the scheduler is shown in Fig. 10. In addition, since the

communication part is system specific, it should be written as follows:
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#comuni cati on of schedul er:
switch reads fromtl 1.

switch reads fromtl 2.

switch reads fromtl 3.

switch wites (tick) to tl1.
switch wites (tick) to tl2.
switch wites (tick) to tl3.
operate wites (tick) to tl1.
operate wites (tick) to tl2.
operate wites (tick) to tl3.

#comuni cation of tl1:

del ay reads from schedul er.

keep_red reads from schedul er.

keep_green reads from schedul er.

change_red reads from schedul er.

change_green reads from schedul er.

change_red wites (switch_device) to scheduler.
change_green wites (car_| eaves) to queuel.
keep_green wites (car_|leaves) to queuel.

#communi cati on of queuel:

| eaves reads fromtl 1.

| ast _| eaves reads fromtl 1.
reject reads fromtl 1.

The communication of #/2, t/3 and queue2, queue3 are similar to the above. The kind of interaction
described above, also appears when buffering or synchronization is required. For instance, if a func-
tion of a machine M, requires an n-tuple as input, then, assuming that every element of the n-tuple is
produced by a different machine My, ..., M,, a new buffer X-machine should be specified in order to
construct the n-tuple and then pass it to machine M for consumption. In many cases, one can imagine
“ready-made” generic X-machines that would act as synchronization interfaces or buffers between
other machines in a communicating system. For example, if the delay function was not accommodated
in the original model of the traffic light, then a new X-machine could be specified, which would stand
between the scheduler and tI2 and /3 and which could perform the required functionality. Another
example is the assumption made above that a queue can be notified to leave the cars departing one by
one at each tick of the traffic light. This can be changed by modeling a buffer that will stand between
a traffic light and its corresponding queue, which will send the “message” car_leaves to the queue
according to some other requirement.

Sumarising the proposed methodology, a communicating system can be developed in three stages:
(a) modeling of X-machine components irrespectively of the target system or use off-the-shelf X-
machine components, (b) modeling of the communication between these components, and (c) creation
of instances of the developed components and possibly add off-the-shelf generic interfaces between
components of the final system. In this incremental approach, the design of XMDL notation and its
accompanying tools play an important role. One can: (a) use XMDL to model X-machine components
or use existing XMDL models, (b) write a separate XMDL file which deals with the communication,
and (c) use XMDL declarations for creating instances of the models. The final system is a result of the
compilation of all these separate XMDL files. The compiled code represents the communicating X-
machine system (Fig.11).
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f#model ...
Modelling X-machines Histates = {..}

XMDL XMDL

##communication of ...:
... reads from ...

asn

Modelling Communication Off-the-Shelf

Models

... writes to ...

##communication of ...:

XMDL

asn

Creating Instances and #‘;:ﬁfjel - instance of ...

Interfaces #init state = {..}

NOILVTIdINOD

v

Communicating System

Fig.11. The stages of development of a communicating system through XMDL.

4. Relation to Other Communicating X-machine approaches

The proposed Communicating X-machine methodology is a different approach towards communicat-
ing systems. In comparison with the already suggested methodology elsewhere [17,18,19], the current
approach is:

Practical: in the sense that existing tools may be used based on the same notation, i.e. XMDL, for
stand-alone as well as communicating systems.

Modular: since it leads towards component-based communicating X-machine models.
Communicating systems are built from stand-alone X-machines. Parts of communicating systems
can be re-used by simply changing the communication part.

Disciplined: since modeling and communication are regarded as two separate developing activi-
ties.

General: in the sense that it subsumes the existing approaches.

Asynchronous: since the X-machines are independent of each other and there is no
synchronization imposed, as in reading and writing in communication matrix. Synchronisation is a
property, which can be achieved through generic X-machines, if it is required.

The way for describing the communication with the annotations presented earlier does not retract
anything from the theoretical model containing processing as well as communicating functions and
states. In fact, the X-machine models annotated in the way described above, can be transformed into
X-machines containing the two kinds of functions and states (Table 2). This subsumption guarantees
that the properties proved in [17] are also valid for the current approach.
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Table.2. Transformation between the suggested annotations into X-machines with processing
as well as communicating functions and states

Annotation Explanation Equivalent Transitions

Processing Functions remain the same in

) both methods.

Function that reads input from its own
model name communication input stream, can be
viewed as a communicating state fol-
lowed by a communication function that
reads the matrix and changes the IP port.
After that the processing function takes an
empty input.
Function that writes a message to another
model name machine’s communication input stream,
can be viewed as a processing state that
writes to the OP port, followed by a
communicating state which in turn is

followed by a communication function
that writes to the matrix.

model name From the above two the equivalent is
model name implied.

5. Conclusions

We have presented a methodology for building communicating systems out of existing components,
i.e. stand-alone X-machines. The approach is practical, in the sense that the software engineer can
separately specify the components and then describe the way in which these components communi-
cate. This allows a disciplined development of large systems. Also, X-machine models can be re-used
in other systems, since the only part that needs to be changed is the communication. The major advan-
tage is that the methodology also lends itself to modular testing and model checking strategies in
which X-machines are individually tested and verified as components while communication can be
tested and verified separately [11,15]. Also, the current approach is more general than the more recent
communicating model which aims towards a testing strategy for a communicating system [25]. It is
therefore feasible to translate the communicating system into a form that complete testing can be ap-
plied, as explained in [25].

We have applied the methodology for developing formal models for simulation [13,24,26]. It is
found that by using communicating X-machines, we can formally model multi-agent systems, with
agents modeled as an aggregate of different communicating behaviours [27, 28]. Future work will
include the implementation of communicating systems on top of the already existing tools. In addi-
tion, a theoretical framework is under development in order to prove the subsumption of all other
models proposed for Communicating X-machines by the current approach. Finally, a methodology for
model checking of large scale communicating systems and their safety properties, as in stand-alone X-
machines will be investigated.
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