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Abstract: - Simulation is a powerful technique for the study of real-li fe complex problems. Simulation requires
the development of a program, which mimics the problem under consideration. The simulation program
development follows closely the software engineering process. Although, many techniques for modelling
problems have been proposed, the testing phase of the developed programs has been under-discussed. In this
paper, we introduce an alternative framework for modell ing and simulation, which will facilitate the phases of
the conceptual modelling and the verification of the software. X-machines is a formal technique which extends
the Finite State Machines by introducing memory attached to the machine and functions that operate on input
symbols and memory values. This is shown to be a powerful model, subsuming other well-known models,
since not only the specification of a problem is done in an intuitive manner but also because the method is
used to prove that the implementation is correct with respect to the specification.  A simple example is
thoroughly investigated in terms of modelling and testing by employing the X-machine formal methodology.
A complete set of test-cases is generated and applied in the code which is written in a conventional
programming language. It is demonstrated that faults are found in the implementation by comparing the output
sequences to those intended by the specification. Finally, a discussion is made in order to propose further
course of research in this area, which would add the necessary characteristics in the X-machine theory in order
to serve modell ing and simulation development to its full extent.
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1    Introduction
A simulation project evolves around three basic
building blocks [1]: the real-li fe problem, the
conceptual model and the computer model, where
each basic block is derived from another (Fig.1).
The conceptual model is the deliverable of the
analysis and modelling of the real-world problem.
Based on the conceptual model, programming and
implementation produces a computer program.
Finally, conclusions and/or suggestions about the
real-li fe problem are derived through the
experimentation with the computer simulation
program.
The correctness of the derivations is established
through the appropriate validation and verification
processes (solid lines in Fig. 1). Software
verification is the "substantiation that the
implementation of the computer program of a model
is correct and performs as intended" [2]. The process
of verification aims to assure that the
implementation matches the specification, which in
this case is the conceptual model. According to
Balci [3], the validation and verification techniques

are categorised as informal, static, dynamic,
symbolic, constraint and formal.

Dynamic techniques require the execution of the
simulation program and most of them impose the
insertion of additional code (probes) into the
executable model for collecting information about
model behaviour during execution [3]. Information
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produced during the execution of a simulation
program is called a trace. The trace is one of the
most powerful techniques [4] that can be used to
debug a discrete-event simulation program [5].
Issues that need to be considered when the trace is
used for testing the correctness of a simulation
program include the determination of the total
simulated time and the values of the system
parameters.
We propose a different approach to program
simulation modelling in order to address the above-
mentioned issues. By using a formal method,
namely the X-machine, we argue that the description
of the conceptual model as well as the test-case
generation can be achieved through the same model.
X-machine specification is an intuitive method to
describe simulation programs through the use of
states that possess memory and transitions between
those states, which are activated by functions.
Furthermore, it has been proved that under some
conditions the X-machine method provides a
complete test-suite, i.e. it generates all the necessary
and sufficient test-cases in order to establish the
correctness of the program.

2   The Conceptual Model
A number of modelling techniques have been
proposed for the development of conceptual models.
Some of them are semiformal, e.g. the Activity
Cycle Diagram, while others are characterised as
formal, e.g. Petri-Nets. An evaluation of these
techniques may be found in [6]. However, these
models provide limited support during the
verification stage. To overcome this problem the X-
machine specification formalism has been adopted
in this work.

2.1 X-machines for Specification
There are several formal techniques (Z, VDM, Finite
State Machines etc) that may be used for the
specification of computer software, each one
possessing advantages in describing either the static
or the dynamic part of a system [7]. Thus, the
majority of formal specification languages facilitate
the modelling of either the data processing, or the
control of the system. X-machines is a specification
formalism introduced by Eilenberg [8], which is
capable to model both the data and the control by
integrating specification methods which describe
each of these aspects in the most appropriate way.
X-machines employ a diagrammatic approach to
model the control by extending the expressive power

of the Finite State Automata (FSA). Transitions
between states are no more performed through
simple input symbols but through the application of
functions. These functions are written in a formal
notation and model the processing of the data. Data
is held in memory, which is attached to the X-
machine. Functions receive input symbols and
memory values, and produce output while
modifying the memory values.
Although initiall y introduced in 1974, X-machines
did not receive interest until 1988 when Holcombe
proposed this model as a basis for a possible
specification language [9]. In 1992, stream X-
machines were defined as X-machines with input
and output sets of streams of symbols. In short, the
idea was that the machine has infinite internal
memory and depending on the current state of
control and the current state of the memory, an input
symbol from the input stream 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 [10]
is given in table 1.
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the next state. F is often described as a transition
state diagram.

F: Q × � → Q
  q0 and m0 are the initial state and memory
respectively.

Table 1: Definition of a Stream X-machine
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It has been shown that Turing machines, pushdown
automata and finite state machines are all special
cases of the X-machine model [11].

2.2   X-Machines for Testing
Ipate and Holcombe [10] presented a testing
method, which is a generalisation of Chow’s W-
method [12] for finite state machine testing. It is



proved that this testing method finds all faults in the
implementation [13]. The method works based on
the following assumptions:>  the specification and the implementation of the

system can be represented as X-machines,>  the machine corresponding to the specification
and the machine corresponding to the? @ A B C @ C D E F E ? G D H F I C E H C J F @ C E K A C L M

Assuming the above, the method also requires that:>  the specification satisfies the design for test
conditions, and>  its associated automaton is minimal.N H C O C J ? P D Q G R E C J E S G D O ? E ? G D J J E F E C E H F E E H C E K A C L

of the two machines is both complete with respect to
M (table 2) and output distinguishable (table 3).
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When these requirements are met, the W-method
may be employed to produce the k-test set X of the
associated automaton, where k is the difference of
the number of states of the two associated FSAs.
The test-set X consists of sequences of inputs for the
associated automaton. The fundamental test function
is defined recursively (table 4), and converts these
sequences into sequences of inputs of the X-
machine. The produced test-set is proved to find all
faults in the implementation. The testing process can
be therefore performed automatically by checking
whether the output sequences produced by the
implementation are identical with the ones expected
from the specification.
The methodology described above is applied to a
simple problem adopted from [14], in order to
demonstrate its suitability for specifying and testing
a simulation program. We argue that X-machines
provide a convenient and intuitive way to specify
the conceptual model and then test the
implementation against it.

{ Y ` p t j h k s k | k p k b k } k ~
0, m0) be a deterministicZ ` V Y c f � � f c X i [ \ Y o [ ` i b X W f U d Y ` Y

w.r.t. M and let q
∈ Q, m ∈ M. A function tq, m � b * � h * will be defined
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and this function tq, m will be called a test function of M
w.r.t. q and m.
Table 4: Fundamental test function of a X-machine

3   Simulation of a Bank Cashier
The scenario of the problem is as follows: A bank
employs a cashier that has two responsibilities:  (a)
to serve the customers that arrive in the bank and (b)
to answer to incoming phone calls. It is assumed that
the customers are waiting in front of the cashier in a
queue and that there is at most one phone to be
answered. If the cashier is busy (either serving a
customer or answering a phone call) and a customer
arrives, she joins a queue and remains until she is
served. If the cashier is serving a customer and the
phone rings, the cashier completes the service of the
customer and then he answers the phone,
independently of the customer queue cardinality.

3.1 Formal description
The state transition diagram of the stream X-
machine corresponding to the system described
above is shown in figure 2.
The X-machine’s input set is:�

 = {customer, bell_sound, leave,
done, click, answer}

where>  customer models the arrival of a new customer>  bell_sound models a new incoming phone>  leave models the departure of a customer while
there are other customers waiting to be serviced
and the phone is not ringing>  done models the completion of a service and no
further service is requested from the cashier

  tq, m ( � 1 � 2… � n) � n+1,

 if ∃ a path q,q1,…,qn-1,qn,

in M starting from q,

where � n+1 is such that

(mn, � n+1) ∈ dom � n+1

and mn is the final value

computed by the

machine along the above

path on the input

sequence tq, m ( � 1 � 2… � n)
tq, m ( � 1 � 2… � n), otherwise



Fig.2: The state transition diagram of the stream X-
machine specification of a bank cashier

�  click models the completion of a phone
answer when there are waiting customers.�  answer models the completion of a customer
service and there is a phone ring to be answered
by the cashier.

The output of the system consists of a set of
messages that are displayed on the screen�

 = {m1,m2,m3,m4,m5,m6,m7,m8}
where:
m1=CustomerArrives
m2=PhoneRingsCashierIsBusy
m3=CustomerServedCashierisBusyNoPhone
m4=CustomerServedCashierAnsweringPhone
m5=ClosePhoneServeAnotherCustomer
m6=ClosePhoneCashierBecomesIdle
m7=AnsweringPhone
m8=CustomerServedCashierIsIdleNoPhone.

The set of states is:
Q = {idle, serving, answering}

The X-machine’s memory M is:
M = QUEUE × BELL

where:�  QUEUE: seq customer is the queue of
customers waiting to be served,�  BELL is a boolean variable notifying whether
the phone rings while the cashier is serving a
customer.

Initially, the cashier is idle, no customers are
waiting in the queue and no phone is ringing:

q0 = idle, m0 = (<>, false)

The next state function F: Q × � → Q is shown
diagrammatically in Fig.2.
Finally, the functions of the X-machine need to be
defined. The X-machine functions get as input an
input event and the current state of the memory, and
they produce an output and a new memory:

� � � × M → � × M
The functions are defined in Table 5. The notation
used is that of X-Machine Description Language
[15], which is intended to be an interchange
language between X-Machine tools [16]. Briefly, 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 informative where in
combination with the operator <- is used to describe
operations on memory values.

customer_arrives((?c),(?queue, ?b)) =
if ?c belongs customer then

((m1),(?new_queue, ?b))
where ?new_queue <- add(?queue, ?c).

customer_leaves_0((done),(?c1::nil,false))=
((m8),(nil, false)).

phone_rings((bell_sound), (?queue, ?b)) =
((m2),(?queue, true)).

customer_leaves_n((leave),(?c::?q,false))=
if not_is_empty ?q then

((m3),(?q, false)).

answer_phone_n((answer),(?c::?q,true)) =
((m4),(?q, false)).

serve_another((click), (?queue, false)) =
if not_is_empty ?queue then

((m5),(?queue, false)).

become_idle ((done), (nil, false)) =
((m6),(nil, false)).

answer_phone_0((bell_sound),(nil,false)) =
((m7),(nil, false)).

Table 5: Definitions of functions

3.2 Generation of Test-Cases
The testing method described in section 2 is used to
produce the test-cases using the above X-machine.
Since the design for test conditions are satisfied by
the developed X-machine, in order to produce the 0-
test-set of the associated automaton, a
characterisation set and a state cover set are
required. Informally, a characterisation set W⊆ � * is
a set of input sequences for which any two distinct
states of the machine are distinguishable.

Characterisation Set
W = { phone_rings, serve_another}
State Cover Set� � � � �

customer_arrives,
customer_arrives phone_rings answer_phone}
Table 6: A characterisation and a state cover set
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The state cover S⊆ � * is a set of input sequences
such that all states are reachable by q0. The W and S
sets in the bank cashier X-machine are shown in
table 6. Table 7 shows the 0-test-set, which is
produced from W and S and the application of the
fundamental test function. The same table also
shows the output messages for each input sequence.
It should be noted that these were generated
automatically with the use of the automated tools
mentioned above.

No Input Sequence Output
Sequence

1 customer m1
2 customer, customer m1, m1
3 bell_sound m7
4 customer, bell_sound m1, m2
5 customer, customer, bell_sound m1, m1, m2
6 customer, done, bell_sound m1, m8, m7
7 customer, done m1, m8
8 customer, bell_sound, answer,

customer
m1, m2, m4, m1

9 customer, bell_sound, answer,
customer, click

m1, m2, m4,
m1, m5

10 customer, bell_sound, answer m1, m2, m4
11 customer, bell_sound, answer,

done, bell_sound
m1, m2, m4,
m6, m7

12 customer, bell_sound, answer,
done

m1, m2, m4, m6

Table 7: Input and the expected output sequences

4   Implementation and Testing
A deterministic simulation program for the bank
cashier problem was written in the C programming
language. The system has been developed using the
SIMSYS Library [17], which implements the three-
phase approach [18]. The simulation program
parameters are the customer inter-arrival time
(CIAT), the service time (ST), the phone call inter-
arrival time (PIAT) and the time required to answer
a phone call (AT). The testing simulation program
produces the same output messages as the X-
machine so that the testing phase is facilitated.
The implementation has been tested with all the test
cases described in table 7. In order to show the
effectiveness of the approach taken by specifying
the problem as X-machine, a number of errors were
intentionally introduced in the simulation program.
The errors are categorised into two groups:
operational errors (labelled as [O]) and transition
errors (labelled as [T]) and are shown in Table 8.
The test-sequences shown in table 7 were used for
the testing of the simulation program. Thus, the
program was executed a number of times. Each
program execution generated a specific sequence of
events that corresponded to a test-sequence. For

each program execution the parameters (i.e. the
CIAT, ST, PIAT, AT) and the total simulation time
were set so as to produce the desired test-sequence.
For example, the test-sequence 2 (table 7) was
generated by setting the CIAT, ST, PIAT, AT and
total simulated time to 5, 7, 13, 2 and 10.
respectively. The output produced by each
simulation program execution was checked against
the output sequence (table 7). All the introduced
errors were identified by the generated input
sequences.

Error introduced in the
simulation program

Error
Type

Identified
By test #

Phones that arrive do not set the
bell flag to true

O 3

Answering the call does not
unset the bell to false

O 12

When customer arrives she does
not join the waiting queue

O 7

When one customer arrives, two
customer are added in queue

O 7

When a customer leaves, the
cashier never becomes idle

T 7

When the cashier serves a
customer he remains idle

T 4

Customer leaves but cashier
becomes idle later

T 7

Table 8: The seven errors introduced and the input
sequence that identified them.

5   Discussion  and Further Work
X-machine is a formal specification method that
possesses sufficient expressive power for the
development of the conceptual model required
during a simulation study.  The method, in contrast
to other existing modelli ng approaches, provides
direct support for the testing of the simulation
program.
The X-machine may be extended to model real-li fe
systems in a more natural way. To this end, research
concerning the development of communicating X-
machines is currently carried out [19]. The
expressive power of X-machines is equal to that of
the communicating X-machines. The latter resemble
more naturally the description of a system since they
allow the decomposition of a system into sub-
systems and thus, it facilitates the conceptual model
development phase. A second research direction
concerns the incorporation of the notion of time in
the X-machine model, so that simulation programs
may be automatically derived from the X-machine
specification. Finally, work is under progress [20] in
model checking [21] X-machines. By proving that
certain desired properties are satisfied by the model,
we will eventually encapsulate the analysis and



modelli ng phase and the computer programming and
implementation phase as well as the corresponding
validation and verification processes under a single
framework.

6   Conclusion
X-machines can be viewed as an appropriate
alternative framework for modelling and simulation
problems. The power of X-machines lies on three
characteristics: (a) they extend the finite state
machine model, which is a diagrammatic and
intuitive model for specifying the control of a
system; (b) they model the data of system by means
of a memory attached to all states of the system and
(c) they can be used to produce all test cases for a
system. By means of an example problem it is
shown that the X-machine model can be employed
in all stages of the simulation program development,
ranging from the specification of the conceptual
model to the verification of the software.
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