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Abstract 
As informal requirements are usually expressed in terms of the behaviour 
which the environment expects from a system, we propose that the construc
tion of a formal and executable user-centred model should be used as an 
intermediate step in the construction of a formal object-oriented specifica
tion. Rapid prototyping can be used to validate the user-centred model with 
respect to the requirements and the informal task of validating the object
oriented specification can be replaced by the formal task of verifying that it 
is equivalent to the user-centred model. As an example of this approach, we 
show its use within the Rigorous Object-Oriented Analysis (ROOA) method. 
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1 INTRODUCTION 

Requirements analysis methods are concerned with understanding and struc
turing the information collected during requirements capture, with modelling 
the observable behaviour of the proposed system and with analysing the re
sulting model to ensure that the informal requirements are accurately repre
sented. We have been investigating how formality can be introduced into the 
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object-oriented analysis process and how an executable and formal object
oriented specification can be constructed. This is not an easy task as there is 
a wide gap between informal requirements and the structure and notation of 
a formal specification. It also cannot be a formal process. 

Informal requirements are usually expressed, and are most easily under
stood, in terms of the behaviour which the environment expects from the 
system. We therefore propose that the initial formal specification should be 
a formal and executable user-centred model. As it is closer to the require
ments than a system-centred object-oriented specification, the gap between 
the informal requirements and the initial formal specification is narrowed. 

The user-centred model is concerned with events, i.e. interactions between 
the environment and the system. It is therefore best expressed in an executable 
event-oriented formal language such as LOTOS (Bolognesi et al. 1987). This 
allows rapid prototyping to be used both to validate the model against the 
requirements and to identify inconsistencies, contradictions, ambiguities and 
omissions in the requirements sufficiently early so that feedback can be given 
to the requirements capture process. 

When the user-centred and object-oriented specifications are expressed in 
the same formal language, the validated user-centred model can be used as 
a step in the construction of the object-oriented specification. Furthermore, 
once we have an initial formal specification, it is possible, at least in theory, to 
verify that it is equivalent to subsequent specifications. Therefore, validating 
that the object-oriented specification satisfies the informal requirements can 
be achieved by verifying that it is equivalent to the user-centred model. 

2 TWO FORMAL MODELS 

A user-centred model is concerned with system behaviour as seen from the 
viewpoint of the environment. The environment includes human users, hard
ware devices and other software components which we refer to collectively as 
agents. The user-centred model is a set of agent views where each agent view 
describes, from the viewpoint of an agent, a way in which the system is to 
be used. An agent view is concerned with the role being played. An agent 
can play different roles, and therefore take part in more than one agent view, 
while different agents can play a similar role and therefore take part in sep
arate instances of the same agent view. The focus is on the way agents use 
the system, not on the system itself. A system-centred model, on the other 
hand, is concerned with modelling an idealised view of the system and its 
interaction with the environment. 

We describe, through a case study, the process to be followed in the building 
of a formal user-centred model and how it can be used as a step in the creation 
and validation of a formal object-oriented specification, i.e. a system-centred 
model. The case study shows how this approach can be integrated into the 
Rigorous Object-Oriented Analysis (ROOA) method which provides a process 
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for the systematic construction of an executable formal object-oriented spec
ification from a set of informal requirements (Moreira et al. 1994a, Moreira 
et a/. 1994b, Moreira et al. 1996a, Moreira et a/. 1996b). The ROOA model, 
which is expressed in LOTOS specifies the static, dynamic and functional as
pects of a problem in terms of entities from the problem domain. As ROOA 
models a system as a set of communicating concurrent objects, it is ideally 
suited to the specification of distributed systems. 

3 RELATED WORK 

The creation of a formal user-centred model has also been proposed by Hsia 
et a/. (1994), Glinz (1995) and Some et al. (1996). However, they do not deal 
with how the development of a user-centred model can be integrated into the 
development of a formal system-centred model. 

In the requirements analysis phase of the Object-Oriented Software Engi
neering (OOSE) method, Jacobson proposes the construction of a require
ments model and an analysis model which correspond, in some respects, to 
our user-centred and system-centred models (Jacobson 1992). The OOSE re
quirements model is composed of a use case model and a simplified object 
model called a domain object model. The use case model is a complete set of 
use cases where each use case describes possible complete sequences of events 
which occur in response to some action initiated by an agent. The OOSE 
models are not specified in a formal language although Regnell et a/. (1995) 
have shown how this can be achieved for the use case model. 

LOTOS is often used in the specification of OSI systems where a service 
specification is produced initially to describe the system in terms of its ex
ternal behaviour. This is then followed by a lower level protocol specifica
tion which includes internal structure (Clark et a/. 1992, Turner et a/. 1995). 
Although there is a similarity between a service specification and our user
centred model, the focus is different. A user-centred model is concerned with 
the roles played by the agents which constitute the environment and their 
view of the system while a service specification can be regarded as a very 
high-level system-centred model. 

4 FORMALISING AGENT VIEWS 

When an agent interacts with a system, a set of possible behaviours can occur. 
For example, when we lift a phone and dial a number, the call may, or may not, 
be answered. An agent view is the set of such possible behaviours. It can be 
represented by a tree which shows the possible alternative event sequences. 
We refer to a particular path through the tree, i.e. a sequence of external 
events, as an agent scenario. 

The construction of an agent view helps us identify the objects which will 
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provide the services required by the agent. Hence, a simple object model is 
constructed in conjunction with the agent views. Each agent view interacts 
with the objects which provide the external behaviour of the system as seen 
from that agent's point of view. 

In general, an agent's interaction with the system will involve other agents. 
One agent may initiate a scenario, e.g. make a phone call, but that also in
volves a second (dependent) agent, namely the person being called. Initially, 
we concentrate on single-agent views as they are ideal in providing an initial 
understanding of a problem. In the phone call example we would have two 
single-agent views, one for the caller and one for the person being called. We 
show later how we can compose single-agent views to form a multi-agent view 
without modifying the single-agent views. 

Creating the set of agent views which form the user-centred model is an 
iterative process. A major part of its construction is the resolution of incon
sistencies and contradictions in the views and expectations of the different 
agents. We must also identify redundant or overlapping agent views. When, 
for example, several single-agent views have common initial behaviour, they 
can be amalgamated into one single-agent view. 

5 THE CASE STUDY 

In a road traffic pricing system, drivers of authorized vehicles can be charged 
at toll gates without having to stop. Drivers must install a device (a gizmo) 
in their vehicle. Authorized vehicles have a registration which includes ve
hicle details, the owner's personal data and an account number from where 
automatic debits are done monthly. 

Each gizmo has an identifier which is read by the sensors installed in special 
lanes at the toll gates. With the information given by a sensor, the system 
can then store the necessary information so that the specified bank account 
can be debited. Different types of vehicles pay different rates. 

When an authorized vehicle passes through a special lane, a green light 
is turned on and the amount being debited is displayed. If an unauthorized 
vehicle passes through a special lane, a yellow light turns on and a camera 
photographs the plate number. (Later, the owner ofthe vehicle will be fined.) 
There are two kinds of special lane: one where all vehicles of the same type 
pay the same fixed amount (e.g. at a toll bridge) and one where the amount 
to be paid depends on the distance travelled (e.g. on a motorway) and where 
the system has therefore to store the entrance point and the exit point for 
each vehicle. 

We want to model the part of the system which receives the information 
from the gizmos, determines whether the vehicle is authorized, displays the 
amount to be debited, turns on the appropriate light, triggers a photograph 
when necessary, and deals with the account debits. 



Forma/user-centred models 219 

6 CREATING A USER-CENTRED MODEL 

6.1 Describing agent views 

By the end of this task we will have identified the agents which interact with 
the system, the views each one has of the system, and, as a result, the objects 
(which we refer to as interface objects) that allow those interactions. 

The question to ask ourselves when identifying agents is: what interacts 
with the system? The first agent we may think of is the gizmo installed in a 
vehicle. A vehicle uses a toll gate and has a driver. We regard the composite 
vehicle-driver-gizmo to be a single agent which we refer to as vehicle. Another 
agent is the vehicle owner who has to buy a gizmo and be registered. Other 
agents include the bank and the system manager. 

The second question to answer is: how does each agent view the system? 
To answer this, we imagine ourselves to be the agent and describe what we 
see when we use the system. As part of this process, we identify the interface 
objects such as the different types of toll gate with which we, the agents, 
interact. This information is used to create an initial object model. An object 
model using OMT notation (Rumbaugh et al. 1991) is shown in Figure 1. 

Display I 
~ 
I 

Figure 1 Initial object model. 

The next step is to identify the ways in which the agents can interact with 
the system. The vehicle agent, for example, knows that it can use the system in 
two different ways: one where it always pays the same amount, the one-point 
vehicle view, and another where the amount paid depends on the distance 
travelled, the two-point vehicle view. 
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For each agent view, we construct an agent tree to give a graphical descrip
tion of the possible event sequences which make up each agent view by: 

e identifying the events which make up the interaction between the environ-
ment and the system; 

• allocating the events to the appropriate interface objects; 
e identifying the alternative event sequences which make up the agent view; 
e adding the ordered events to the tree as nodes with each event being rep-

resented by the pair: (class template).(event). 

By focusing on one agent view at a time we can determine the different ways 
in which that agent can interact with the system without being sidetracked 
by other issues. Consider, for example, the two-point vehicle view. The vehicle 
passes an entry gate, a sensor reads its gizmo identifier and the system either 
responds by showing a green light or by showing a yellow light followed by 
triggering a camera. 

The vehicle then proceeds onto the motorway. It may either leave by some 
unknown method (e.g. it could have an accident) or it passes through an 
exit gate. If a yellow light was shown in the entry gate, now the vehicle can 
only get another yellow, but, if a green light was shown, the vehicle may get 
another green light or a yellow light if the state of the system has changed 
(for example, the system now knows that that vehicle was stolen). 

The agent view also describes the situation where a vehicle passes through 
an exit gate, but did not enter the motorway through an entry gate. This 
leads to a yellow light being shown. It should be noted that this situation was 
omitted from the original informal statement of requirements. 

We must also consider the situation where a vehicle goes through a special 
lane either without a gizmo or with a gizmo which is broken and cannot 
be detected. A sensor must be able to detect that a vehicle has passed which 
means that the sensor must take part in two events; it first detects the presence 
of a vehicle and then attempts to read its gizmo. 

The two-point vehicle view is shown in Figure 2. The other agent views 
are dealt with in a similar way. Based on the information in the agent views, 
we add any new interface objects, together with events which correspond to 
services offered by interface objects to the environment, to the object model. 

6.2 Formalising agent views 

Each agent view is formalised using LOTOS. The definition of an agent view 
is a LOTOS process which requires possible alternative series of services from 
the system. Each offered service is represented in LOTOS as: 

<gate> <service name> <object identifier> <optional parameters> 
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Figure 2 Two-point vehicle view. 

It is straightforward to construct the outline of a LOTOS process definition 
from a tree by using the choice operator to offer each branch of the tree as a 
LOTOS choice expression. We can also factorise out those parts of the tree 
which are similar and define them in a separate process. 

The LOTOS formal model contains more information than was held in the 
tree. We return to the requirements to determine the information which is to 
be passed between the agent and the system. The need for this extra detail is 
very useful in clarifying the requirements. 

A LOTOS process definition for the view Two_Foint_Vehicle shown in Fig
ure 2 is given below. The process includes a LOTOS gate for communication 
with each toll gate component. Both the Gizmo and the Toll object identifier 
sorts are specified as ADTs. 
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process Two_PoinLVehicle[sen, lgt, dpl, cam]: exit := 
sen !detect ?int: TolL.Id [Is_.Enter(int )] ; 
( Yellow_No_G[lgt, cam](int) 

) 
D 

D 
sen !read !int ?id_g: Gizmo_ld; 
( ( Yellow[lgt, cam](id_g, int) 

) 
D 

>> Leave[sen, lgt, dpl, cam](id_g, was_yellow) 

lgt !green !int !id_g; 
Leave[sen, lgt, dpl, cam](id_g, was_green) 

Missing[sen, lgt, dpl, cam] 
where 

process Leave[sen, lgt, dpl, cam](id_g: Gizmo_ld, s: Entry_Val): exit := 
sen !detect ?ext: TolL.Id [Is_.Exit(ext)]; 
( Yellow...No_G[lgt, cam](ext) 

) 
D 

D 
sen !read !ext !id_g; 
( [seq was_green] ---+ Green[lgt,dpl](id_g, ext) 
D 

Yellow[lgt, cam](id_g, ext) 

exit (* leave in a non-special lane *) 
endproc (* Leave *) 

endproc (* Two_PoinLVehicle *) 

The LOTOS SMILE simulator (Eertink et al. 1993) allows the use of unin
stantiated variables instead of values. As SMILE is able to determine when a 
combination of conditions can never be true, a single instantiation of an agent 
view can deal with a set of similar agent instances rather than be instantiated 
for a particular agent instance. Hence the Toll identifiers int and ext are 
introduced as variables; int has the constraint that it is an In_Toll identifier 
while ext has the constraint that it is an Exit_Toll identifier. 

The behaviour at an exit gate is is factored out and defined in process Leave 
while processes Green, Yellow and Yellow....Ho_G specify the response to the 
user after a gizmo has been checked or a vehicle detected without a gizmo. 
Process Missing deals with the situation where a vehicle leaves through an 
exit gate without having entered through an entry gate. A complete LOTOS 
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user-centred specification for the road pricing system is given in Clark et a/. 
(1997). 

6.3 Combining agent views 

In general, individual agent views are not sufficient to specify external system 
behaviour fully; e.g. a gizmo must be registered before it can be used. 

If two agent views are completely independent of one another, then they 
can be composed using the interleaving operator: 

Agent_View_1[s]lll Agent_View_2[t] 

However, when two views are not independent, this composition does not work 
as it does not constrain the relative ordering of the events in Agent_View_l 
and Agent_View.-2. 

In the LOTOS specification of OSI systems, a service specification is pro
duced using the constraint-oriented style in which behaviour is expressed as 
sets of constraints operating at external interfaces (Turner et a/. 1995). A sim
ilar approach can be used to specify multi-agent views. Registration of gizmos 
occurs, for example, in the Operator ..Agent view while gizmos are used in ve
hicle views. The processes defining the single-agent views are left unchanged. 
A constraint process, Constrain_Gizmos is defined to maintain the set of cur
rently registered gizmo identifiers and the set which have entered, but which 
have not yet left a motorway. 

process Constrain_Gizmos[rd, lgt](idgs, curr: GizmoJd-Set): noexit := 

endproc 

This process interacts with One_point_Vehicle or Two_point_Vehicle on 
gate lgt and with Operator ..Agent on gate rd and ensures, for example, 
that only a currently registered gizmo can lead to a green light being shown. 

6.4 Validating the user-centred model 

So that we can determine when an agent view has been successfully executed, 
the LOTOS process definition for an agent view is always instantiated from 
a process with the structure: 

process X_Tree[gates, success](parameters): noexit := 

X..Agent[gates](parameters) >> success; stop 
endproc 
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Initially, we execute single-agent views independently. Execution using a sim
ulator such as SMILE creates a tree showing all possible event traces. As this 
should have the same structure as the original agent tree, we have a simple 
check to verify that an agent tree has been correctly specified in LOTOS. 
We then define suitable constraints and interactively prototype multi-agent 
VIeWS. 

To form the formal user-centred model, we first compose the LOTOS speci
fications of all the single-agent views using the interleaving operator. We then 
compose this behaviour expression in parallel with the constraint processes 
which define the interactions. When the resulting user-centred model is pro
totyped, the number of alternative events offered is too large to be handled 
conveniently. The user-centred model must therefore be composed in parallel 
with a Test process with the following structure (Quemada et al. 1995): 

process Test[gates, success](parameters): noexit := 

Agent..Scenario[gates](parameters) >> success; stop 
endproc 

The agent scenario in a test process is derived directly from a single or multi
agent view. 

Validation is through a series of such test compositions. Initially, we proto
type interactively to explore particular execution paths. Once we have shown 
that the composition is successful for at least some execution paths, we replace 
interactive prototyping with SMILE by the use of LOLA which automatically 
performs a complete state exploration of the composition of a specification 
and a test process (Quemada et al. 1995). LOLA reports one of three possible 
results: 

Must where all possible execution paths lead to the success event. 
May where at least one execution path leads to the success event. 
Reject where no execution path leads to the success event. 

This enables us to verify whether or not a particular test has been satisfied. A 
valid model must not only specify correct behaviour, it must rule out undesir
able behaviour. Validating the user-centred model therefore involves rejection 
as well as acceptance tests. 

The process of composing agent views and prototyping the subsequent user
centred model can show up inconsistencies, in which case we return to the 
agent view identification step, make the appropriate changes in one or more 
single-agent views and repeat the subsequent steps. 
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7 CREATING THE SYSTEM-CENTRED MODEL 

We now construct a formal object-oriented specification which satisfies all the 
agent views. The ROOA method involves three main tasks: build an object 
model; refine the object model; build and validate the LOTOS ROOA model. 

Task 1: Build an object model 
With problems which are primarily data-oriented, an object model can be 
constructed without paying too much attention to dynamic behaviour. With 
process-oriented problems, on the other hand, the dynamic aspects of a prob
lem must be explored to help identify the static object structure. Indeed, 
Rubin et al. (1992) suggest that the best way of identifying objects is to fo
cus on their behaviour. When a method such as OMT is used to deal with 
process-oriented problems, we have found that agent views are a major help 
in identifying the required objects. 

From the requirements we can identify some objects and their attributes 
which we add to the object model constructed during the creation of the user
centred model. However, as the problem we are analysing has a significant 
dynamic component, we cannot identify all the objects at this stage. The 
resulting incomplete object model is shown in Figure 3. 

Task 2: Refine the object model 
We first add those services, attributes, static relationships and message con
nections which can be easily derived from the requirements and from the 
user-centred model. We then examine the agent views and identify events 
which are sent to the environment and determine if the relevant interface ob
ject must offer a service to some internal object to trigger the external event. 
For example, in the two-point vehicle view, for Camera to generate the event 
Camera.photo, it must offer the service take_photo. Also, by analysing the 
object model in Figure 3, we can see that some of the static relationships are 
in fact message connections. 

Agent views show the interactions between agents and interface objects. The 
consequent interactions between objects internal to the system are described 
in event trace diagrams (ETDs). An ETD shows the message passing between 
the objects in the initial object model and its construction may show new 
objects and services which are then added to the object model. 

The scenario where a two-point vehicle view gets a green light results in the 
ETD shown in Figure 4. This ETD allowed us to identify new services and 
the new objects: Gate-Processor, CurrentJourney and Usage..Details. As 
we construct the ETDs and identify new objects and services we add them to 
the object model. 

We then collect the information in the ETDs and build an Object Commu
nication Table (OCT) where we list the class templates; the services offered by 
each class template; and, for each service, the services that it requires and the 
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class templates {clients) which require it. The complete process is described 
in Clark et al. {1997). 

Task 3: Build the LOTOS formal model 
We first determine the LOTOS gates through which the objects are to com
municate, add this information to the OCT and then construct a graphical 
representation of the ROOA model which we call the Object Communication 
Diagram {OCD). 

To specify the behaviour of an object we place ourselves inside that object 
and act as if we were the centre of the system. By following this strategy, 
and using the information in the OCT and ETDs, we identify the events 
the object takes part in and their order. We start by specifying the interface 
objects and then proceed to the internal objects. Each event in the LOTOS 
process definition of an agent view, has a corresponding event in the LOTOS 
process definition of an interface object. Some events in the user-centred model 
show the initiation of an action to be carried out by the system together with 
the information which is required from the environment. The others show 
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Figure 4 ETD for a vehicle passing a two toll gates and getting a green light. 

responses from the system and the information which is to be passed to the 
environment. The formal user-centred model is therefore used directly in the 
construction of the LOTOS definition of the interface objects and determines 
the information which is to be passed during event synchronisation. 

When we specify the system-centred model, it is not unusual for incompat
ibilities to appear in the expectations of different agents. Their resolution will 
often require us to go back to the users for further or revised information. 

Once all the objects are specified, we follow the structure of the OCD and 
compose them, using the LOTOS parallel operators, into a behaviour expres
sion which specifies the behaviour of the system-centred model. 

8 VALIDATION AND VERIFICATION 

Interactive prototyping with SMILE is used during the development of the 
ROOA model to increase our confidence that it satisfies the behaviour ex
pected by the user-centred model. The ROOA model must now be validated. 
As the user-centred model has already been validated with respect to the in
formal requirements, validation of the ROOA specification is concerned with 
the formal task of verifying that it is equivalent to the user-centred model. 

There are many different definitions of what it means for two specifica
tions to be equivalent, but the only one which can be applied in practice 
to large specifications is testing equivalence (Quemada et al. 1995). In test
ing equivalence, the specifications under test are regarded as black boxes, i.e. 
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we only consider external behaviour, internal structure is ignored. The two 
specifications are composed with test processes in the same way as was de
scribed in the validation of the user-centred model in Section 6.4. However, we 
are not now concerned with the informal process of showing that the formal 
user-centred model satisfies the informal requirements, but with the formal 
process of demonstrating that two formal models cannot be distinguished by 
experiment. 

Two specifications A and B are testing equivalent if every Must or May 
test on A gives the same result with B and vice versa. LOLA performs a 
complete state exploration of the composition of the user-centred and ROOA 
models with each test process and reports each of the results as Must, May 
or Reject. The drawback is, of course, that the set of test processes is not 
complete. However, by judicious choice of a sufficiently large number of tests 
we can have reasonable confidence when the specifications are indeed testing 
equivalent (Quemada et al. 1995). 

The set of test cases used to validate the user-centred model with respect 
to the informal requirements were used to check that the two models specify 
the same behaviour. As the ROOA model has significant internal structure, 
the number of states generated, and which have to be explored, is very much 
greater than with the user-centred model. However, as testing equivalence 
is only concerned with external behaviour, the two specifications can still 
be equivalent. The much larger number of states generated with the ROOA 
model means that LOLA takes much longer to produce each result. 

The complete specifications of the user-centred and ROOA models and a 
description of the use of LOLA in demonstrating testing equivalence is given 
in Clark et al. (1997). 

9 CONCLUSIONS 

Our approach has been to take ideas from several disparate areas, to combine 
them and to apply them in a novel setting. 

From formal methods, we have taken the idea of a formal user-centred 
model (Hsia et al. 1994); from requirements engineering, the notion of ex
pressing requirements as a set of multiple viewpoints (Kotonya et al. 1996, Nu
seibeh et a/. 1994) and from object-oriented analysis, the notion of expressing 
requirements as a set of use cases (Jacobson 1992). 

We have adapted the LOTOS constraint-oriented style to the specification 
of the user-centred model, have demonstrated how LOTOS can be used in 
the specification of an object-oriented model and have used standard LOTOS 
techniques to validate the user-centred model and to show that the user and 
system-centred models are testing equivalent (Quemada et al. 1995). 

Finally, although modelling the environment as part of the specification 
of a system is standard practice with embedded systems (Clark 1992), we 
believe that our modelling of the environment as a user-centred model, and 
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its subsequent use in the creation and validation of a formal object-oriented 
specification, is new. 

The problem that we have addressed is the large gap that has to be bridged 
during the transition from informal requirements to an initial formal require
ments specification. We have proposed that a formal and executable user
centred model should be constructed to bridge this gap. The construction, 
and subsequent execution, of the user-centred model helps us to understand, 
structure and clarify the requirements. The user-centred model is then used 
to aid the construction of a formal object-oriented specification. Validation 
of the object-oriented specification is then concerned with verifying that it is 
equivalent to the user-centred model. 

We have shown how the development of a formal user-centred model can be 
integrated into the ROOA method and have described how the formal user
centred model can complement the OCD and ETDs in the construction of the 
ROOA model. We have then shown how LOLA can be used to demonstrate 
that the user-centred and ROOA models cannot be distinguished by testing. 
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