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Abstract

This paper discusses the formal specification of interactors, which are primitive abstractions of
user interface software, and focuses on the formal aspects of their composition. The composition of
interactors is discussed formally in the framework of the Abstraction-Display-Controller (ADC)
interactor model. The ADC model has been defined as a LOTOS specification template tailored for
specifying user interface software. LOTOS behaviour expressions combining instances of this
template specify the composition of interactors to model complex user interfaces. Synthesis is
defined as a transformation of these behaviour expressions which supports the generic structure of
the ADC model while preserving the meaning of the specified behaviour. Further, the notion of
abstract views of interactors is introduced. It is shown how abstract views are themselves primitives
for specifying complex interface architectures. © 1997 Elsevier Science B.V.
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A central issue concerning research in the formal aspects of human computer interaction
is to establish appropriate abstractions of user interface software. Various formal abstrac-
tions of interactive systems have been proposed which range from the very abstract, e.g.
Harrison and Dix [1] or Dix [2], to more constructive and design oriented representations,
e.g. Duke and Harrison [3] and Patern6 and Faconti [4]. This paper discusses a formal
model of user interface software, which combines lessons learnt from such early formal
models of interactive systems with aspects of architectural abstractions of user interface
software. This model is called the Abstraction-Display-Controller (ADC) interactor
model, and it was introduced in Markopoulos [5] as a template process definition in the
LOTOS formal specification language [6].

The general concept of an interactor and its relevance to the implementation of user
interface software is discussed in the next section. The ADC interactor model is introduced
first informally and then formally as a LOTOS process definition. The elements of the

* Corresponding author.

0953-5438/97/$15.00 © 1997 — Elsevier Science B.V. All rights reserved
PII S0953-5438(97)00011-8



198 P. Markopoulos et al/Interacting with Computers 9 (1997) 197-223

LOTOS formal specification language used in this paper are summarised in the Appendix
A. A range of ADC interactor compositions are supported by LOTOS process algebra
operators and their meaning in the context of user interface architectures is discussed.
Formal expressions which specify the composition of interactors can be manipulated to
formulate larger scale instances of the model. This property is called here the composi-
tionality of the ADC interactor formal model and it is formalised by a transformation
called synthesis. Synthesis is defined formally and it is exemplified with an extract from an
extensive case study in the use of the ADC interactor, which is reported in Markopoulos
[7]. The transformation is shown to preserve the observable behaviour specified. Further
the notion of abstract specifications of interactors is introduced. The discussion section at
the end of the paper relates this work to current research.

1. Interactors: definition of the concept

Interactors are abstractions which help model interactive systems. Compared to the
earlier abstract models of interactive systems as, e.g. the state-display model [1] and
the PIE model [2], interactors are more structured in that they model interactive systems
as compositions of independent entities. Faconti [8] defines an interactor as:

...an entity of an interactive system capable of reacting to external stimuli, it is
capable of both input and output by translating data from a higher level of abstrac-
tion to a lower level of abstraction and vice versa.

This definition considers the user interface as a layered composition of interactors
which mediates between a user and the functional core of an interactive system. Each
layer of interactors (or a single interactor) distinguishes two levels of abstraction for
the data flowing between the user and the functional core. The input functionality of
the interactor is to raise the abstraction level of the data it receives and the reverse
holds for output which is communicated to the user.

Duke and Harrison define an interactor as

...a component in the description of an interactive system that encapsulates a state,
the events that manipulate the state and the means by which the state is made
perceivable to the user of the system.

The difference between the two definitions lies in the scope of the models, i.e. whether
the whole interactive system is modelled or just the user interface. In the latter case it is
assumed implicitly that there is at least a conceptual separation between the user interface
and an underlying application (functional core). The two definitions of the interactor
concept and their corresponding formal models are not inconsistent, but they have differ-
ent origins and they are intended primarily for different purposes. A comparison of the two
interactor models, reported in Duke et al. [9], concludes that the interactor model of
Patern6 and Faconti is better suited as a formal constructive design notation, while the
model of Duke and Harrison is better suited for analytical use.
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Fig. 1. The internal structure of an interactor.

The term interactor has been used also to refer to implementation constructs by Myers
[10]. In the context of user interface software architecture the term interactor refers to
objects which are characterised by a display function and, in general, support both input
and output. While they did not use the term ‘interactor’, the MVC [11] and the ALV [12]
architectures support the notion of an interactor as an architectural construct. The PAC
architecture [13] supports this notion at a conceptual level. These are object based soft-
ware architectures, which prescribe the content of the interactors, their role and how they
can be composed to build a user interface system. A common characteristic of these
models is that interactors are formed as a triplet of smaller scale components. The exact
purpose and representation of these components varies across the models, but a coarse
description of their purpose is to describe the display of the interactor, its internal (non-
displayed) state and its dynamic behaviour. An interesting feature of the PAC and ALV
architectures is how the basic interactor structure applies to the user interface as a whole as
well as each individual component. This is an appealing concept because it means that such
architectural models can help conceptualise a design at varying levels of abstraction and they
encourage the modular development of the software. The synthesis transformation which is
described in this paper supports this idea in the context of a formal specification.

2. The ADC interactor model

ADC interactors are abstractions of software components which support the commu-
nication between the functional core of an interactive system and its user. The user
interface system as a whole can be modelled as a single (monolithic) ADC interactor
which communicates directly with an application and a user. Alternatively, the ADC
model applies to a very small component of the user interface software in which case
the ADC interactor adheres to the definition by Faconti quoted in the previous section. In
this latter case, the interface can be thought of as a composition of many ADC interactors.
In conceptualising a design it might be beneficial to switch between these two views.
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An ADC interactor encapsulates two state components—the abstraction and the
display. The display models the appearance of an interactor on the screen. The display is
output directly to the screen or to some other interactor which will process and output this
information. The abstraction holds state information resulting from the interpretation of
input already received by the interactor. This in turn, may be interpreted by the interactor
to provide input to the application or to other interactors it is connected to. A dedicated
component, which is called the Abstraction-Display Unit (ADU), describes how inter-
actions with the environment affect these state components. The temporal ordering of
interactions is described separately in the Controller Unit (CU). Fig. 1 illustrates how
the ADC interactor is formed by the composition of these two components: the CU controls
the occurrence of interactions on all the gates of the ADU.

Interactors can interact with each other and possibly with the user or the application.
The interface can therefore be thought of as a graph whose nodes are the interactors and
whose edges correspond to connections between them, with the application or the user.
ADC interactors are represented in diagrams as barrel shaped nodes, with the top or
bottom arch dedicated to connections to the abstraction or display side respectively
(Fig. 1). The vertical sides are dedicated to controller connections.

Interactions are distinguished by whether they are associated with input or output of
data, pure synchronisation, and by their effect on the state components of the interactor.
The concept of a gate has been borrowed from LOTOS to group and to ‘localise’ inter-
actions with a similar purpose. Each gate is associated with one of the sides of the
interactor. Gates on the abstraction and display sides correspond to interactions which
modify the state parameters of the interactor. When both the display state and the abstrac-
tion state are needed to interpret received input, this is considered to arrive at the display
side. Intuitively, this corresponds to user input that the interactor needs to de-reference
with respect to the current display. In practice this is the only difference between input
arriving to one side or the other. Choosing which side an interactor gate belongs to does
not depend on what it connects to but on how the information received should be inter-
preted. Note that the interpretation of input based on the display contents characterises
graphical interaction. Output from the display side comrnunicates the value of the display
state parameter. Interactions on gates allocated to the controller sides have no direct effect
on the state parameters of the interactor.

The ADU which encapsulates the state parameters is ‘neutral’ with respect to the
temporal ordering (alias the dialogue) of the interaction, i.e. it is always ready to receive
input and to send output on all its gates. The dialogue is modelled in the Controller Unit
(CU). The CU is a description of the allowed sequences of actions. It is possible that an
interactor has a controller component only. The purpose of such a component will be to
coordinate the operations of other interactors and to act as a constraint for the combined
behaviour of other interactors.

The description so far has been independent of any particular specification notation.
Indeed the model is meant to convey general ideas about the structure of an interface
specification. It advocates the separation of dialogue and data handling into distinct
components of the interactor and is intended to support a high level description, at least
partly represented in a visual form that could be used by interface designers to construct
architectural models of an interface. Current work has identified reusable sub-components
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of these interactors. This paves the way for tool support for the partly automated
generation of formal specifications from more economical visual representations and
libraries of specification templates. From the discussion so far it is clear that the formal
specification language which would support such a scheme needs to provide both for the
specification of dialogue and data handling. This work has been developed using the
LOTOS specification language but it is hoped that the concepts above could be
implemented using other languages with similar capabilities.

2.1. Formal representation of ADC interactors

The ADC formal interactor model distinguishes three orthogonal aspects of the inter-
actor, which are described in distinct modules:

e The data held by the interactor and the operations upon the data. This is specified by an
ACT-ONE abstract data type called the Abstraction-Display (AD) data type.

s The link between actions that describe the interactor behaviour and their effect on the
data. This is described by a LOTOS process which is called the Abstraction and
Display Unit (ADU).

e The temporal ordering of the behaviour of the interactor. This is described by a
LOTOS process without any local state parameters which is called the Controller
Unit (CU).

An ADC interactor is formed, in general, by the parallel composition of the ADU and
the CU:

process ADC[G, U Gj,]: noexit: =
ADU [Gj,] (a,dc,ds) [[Go]l CUIG. U Gl
endproc

The ADC interactor is a non-terminating process (therefore the keyword noexit). ADU is
associated with a set of input—output gates G,,. The CU synchronises with the ADU at gates
G,, but also offers interactions on a gate set G,.. The state parameters of the ADU, listed in
round brackets, are initialised with values specified in data type AD. The specification of the
data type AD is not discussed further in this paper which focuses on the process algebraic
specification of ADC interactors. The reader can find a brief presentation of the data type AD
in Ref. [5] and a more extensive discussion in Ref. [14] which discusses also ADC inter-
actors which consist only of a CU or have a different set of state parameters.

2.2. An example of an interactor specification

Fig. 2 shows a typical slider interactor, which provides random access to an order set of
data, e.g. a sequence of characters, or static images composing a movie, etc. The thumb
indicated on the slider can be modelled as an ADC interactor, which is illustrated in Fig. 2
and is specified as follows:

process thumb|[press, move, release, doutTHMB, ainpTHMB, aoutTHMB]: noexit: =
aduTHMB press, move, release, doutTHMB, ainpTHMB, aoutTHMB](indicator,
thumb, thumb)
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Fig. 2. The thumb interactor and its illustration as an ADC interactor.

|[press, move, release, doutTHMB, ainpTHMB, aoutTHMB]|
cuTHMB|press, move, release, doutTHMB, ainpTHMB, aoutTHMB]
endproc

The instantiation of the ADU above initialises the state parameters with values (indi-
cator and thumb) which must be specified in the data type AD. The ADU maps interactions
on its gates to the appropriate operations of the data type AD, forging a standardised
mapping between the data typing and the process algebraic components of the LOTOS
specification. The ADU of the example has three input gates on the display side where
press, move and release mouse events are input. With each interaction, the ADU instanti-
ates itself recursively modifying its state parameters by applying operations upon them.
These operations which are not detailed here are specified in the corresponding data type
AD. In the specification extracts below ‘..." replaces a gate list where this is obvious from
the context.

process aduTHMBJ.. .](a:pnt, dc, ds: thumb_dsp): noexit: =

aoutTHMB !result(a); aduTHMBI...](a, dc, ds) []

doutTHMB !dc; aduTHMBJ.. ](a, dc, dc) []

ainpTHMB ?x:playBar; aduTHMB]...](receive(a, x), render (dc, x), ds) []
press?x:pnt; aduTHMBI...|(inputPress(x, ds, a), echoPress(x, ds, a), ds) []
move?x:pnt; aduTHMBI...](inputMove(x, ds, a), echoMove(x, ds, a), ds) []
release?x:pnt; aduTHMBJ...](inputRelease(x, ds, a), echoRelease(x, ds, a), ds)
endproc

The CU for the interactor thumb is defined below by the synchronous composition of
partial constraints of its behaviour, using the constraint oriented style [15]. The process inp
describes dragging and trigger describes how display interactions follow mouse input, or
interactions at gate ainpTHMB.

process cuTHMB|[press, move, release, doutTHMB, ainpTHMB, aoutTHMB]:
noexit: =

inp[press, move, release]

|[press, move, release]]

trigger{press, move, release, doutTHMB, aoutTHMB, ainpTHMB]

endproc

process inp[press, move, release]: noexit: =

press?x:pnt; (repeat[move] [>release?x:pnt; inp[press, move, release])

endproc
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process repeat[move}: noexit: =

move7x:pnt; repeat[move]

endproc

process trigger[press, move, release, doutTHMB, aoutTHMB, ainpTHMB]: noexit: =
(choice X in [press, move, release]

[1X?y:pnt; doutTHMB?z:thumb_dsp; aoutTHMB?q:pnt; trigger]...]) (]
(ainpTHMB?x:playBar; doutTHMB?z:thumb_dsp; trigger[...])

endproc

2.3. Topology of interactor gates

The next few paragraphs define the ADC interactor more rigorously. Gate lists rather
than gate sets are the standard construct of LOTOS. However the following discussion
describes process instantiations using sets of gates. The manipulations and definitions of
behaviour expressions that follow attach no significance to the order in which gates are
declared in a process instantiation. In practical terms, to support this convention using
LOTOS, the recursive process instantiations of the ADU and the CU should preserve the
naming and ordering of gates in the process headings. For example, consider the process
definition whose heading is:

process ADU([dinp, dout, ainp, aout]: noexit: =

The convention introduced for the definition of process ADC means that in the body of
the process definition it is not allowed to write a recursive instantiation of the forms:

ADU[dout, dinp, ainp, aout] or ADU[dinp, dinp, ainp, aout]

With the exclusion of such recursive instantiations the gate set G;, = {dinp, dout, ainp,
aout} describes sufficiently the gate-list for the process ADU above.

The set G of the gates of the interactor is partitioned into the set of input—output gates
G, and the control gates G.. All gates of the ADU in Fig. 1 belong to G, and G, contains a
single gate labelled c.

GZGCUGiO and Gani():@

Control gates effect actions which have no effect on the state parameters of the interactor
and which concern only the controller unit. G;, is partitioned to two gate sets G, and Gy,
that correspond to gates on the abstraction and display side of the interactor respectively.
For example G, = {ainpTHMB, aoutTHMB} in Fig. 2.

Gio = Ggps U Gdsp and Ggps N Gdsp =0
Gaps = Gyou Y Gainp and Gy N Gainp =0

Gdsp = Gdinp U Gyou and Gdinp N Gyoy =9

Each of the gate sets Ginpy Gdour Gainps Gaout and G, corresponds to what can be called a
different role of a gate for the interactor. The role of a gate determines its use in the ADU
and the CU. The definition of ADC in the following paragraphs, specifies actions on a
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particular gate according to which of the gate sets above it belongs to. For convenience,
the role of a gate will be referred to simply as dinp, dout, aout, ainp and c. Apart from the
gates, the set of actions offered by an interactor depends on the data offered on its G,
gates. It is not always necessary that an ADC interactor specification should be associated
with data type AD even if it models data input or output. What is important for this
discussion is that interactions on output gates actually offer a value and that interactions
on input gates do not refuse a value offered to them. Value offers may be either the display
state of the interactor or an interpretation of the abstraction by an inquiry operator.
Provided that the AD is internally consistent there will always be some value output on
the output gates and by definition a non empty set of interactions will be offered on input
gates.

2.4. Elementary ADU

An elementary ADU is a recursive non-terminating process for which the following
holds:

1. Its gate set G, can be partitioned in a set of input gates G, and a set of output gates G,
such that G;, = G;U G, and G;N G, = @.

2. Interactions on input gates that involve the communication of data are strictly variable
declarations without a selection predicate (see definitions in Appendix A).

3. Output actions are strictly value declarations. They are either the value of a local
parameter, e.g. the display state, or the value of an enquiry operator on the abstraction
state parameter of the ADU. In order that a value is always offered the data type AD
which corresponds to the elementary ADU should be internally consistent.

4. The elementary ADU is a behaviour expression that cffers a choice of events on all the
gates of the ADU before instantiating itself recursively. The recursive instantiation
updates the local variables by applying the operations of the data type AD which
corresponds to the role of each gate.

2.5. A well formed ADU

A well formed ADU may be:

1. An elementary ADU.

2. A parallel composition expression of the form ADUA[G{’(‘,]l[GHADUB[Gi] where
ADU , and ADUj, are well formed ADUs and where G5 NGEnG=0.

3. The following is stipulated for the gates of the well formed ADU: G;, = G; U G, where
G,=G*UGP and G, =(G*UGP) - G,.

The parallel composition of two ADUs that synchronise on some of their gates is also a
well formed ADU. Requirement 2 ensures that it is not possible to specify an ADU that
might deadlock because of its two components offering different values on the same
output gate. Requirement 3 describes the definition of the gate sets for the composite
ADU. A gate which is an input gate for one of the components and an output gate for
the other is classified as an output gate for the composite expression. This ensures that
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the input and output gates of the derived ADU do not intersect, i.e. G; N G, = @,

in accordance to the topology of the interactor gates. Further, it is clear that
A B

Gjo = Gip U Gjo.

2.5.1. Lemma. Behaviour of a well formed ADU
The behaviour of a well formed ADU is characterised by the following:

1. The set of interactions offered at each gate is not empty.
2. P(ADU)~Q, with Q = choice g in [G;,][]g; Q,

where ~ denotes strong bisimulation equivalence (see Appendix A) and P(.) denotes the
naive transformation from full LOTOS to basic LOTOS, which maps each specified
interaction g<<v>> to some interaction g on the same gate but which ignores the data
component of the action specification (see Appendix A).

Process Q is a basic LOTOS process which is always ready to offer interactions on all
its gates. Property 2 states that if the data values associated with interactions on the gates
of the ADU are ignored, then its behaviour may be described by Q. This property is a
rigorous expression of the fact that the ADU does not model the temporal behaviour of
the interactor. This lemma follows by structural induction and by the distributivity of the
naive transformation P(.).

2.6. The controller unit (CU)

The temporal ordering of the interactions of the ADU is described in the CU. This is a
recursive process with functionality no-exit. For the purposes of this discussion it can be
any LOTOS behaviour expression with gates G;, U G.. The CU is a process such that:

1. Gates in G, are variable declarations whose sorts are determined by the typing of the
gates in the ADU.

2. CU does not output any values, i.e. it does not specify interactions with a value
specification component.

3. CUdoes not have any selection predicates on actions specified with a variable declaration.

4. CU does not have any local state variables.

Conditions 1-3 ensure that the CU is consistent with ADU. Condition 4 ensures that
the CU pertains strictly to the temporal ordering of interactions and not to the
communication and manipulation of data. The definition does not constrain the
required behaviour of the CU which encodes the dialogue supported by the interactor.
Properties 1-4 restrict the use of LOTOS constructs, affecting the ease with which a
dialogue may be specified.

2.7. Formal definition of ADC interactors

A LOTOS behaviour expression is an ADC interactor specification if:

1. itis a well formed CU; or
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2. it is the synchronous composition of a well formed ADU and a well formed CU, with
the two component processes synchronising on all the gates of the ADU.

3. Composition of interactor specifications

LOTOS operators can help specify complex behaviours by composing ADC interactors.
This section examines the meanings that such compositions might have. Consider two
interactors ADC, and ADCp with respective gate sets G, and Gg. The operator |[G]]
describes the partial synchronisation of ADC, and ADCjy over a gate set G C G N Gg.
Full synchronisation | | and pure interleaving | | |, can be thought of as boundary cases of the
partial synchronisation of behaviour expressions, where G = G, U Gg and G = @
respectively. The notion of the role of a gate was introduced in paragraph 2.3. This
may be the role dinp, dout, ainp, aout, or c. A gate g € G may have different roles for
each of the two interactors. A different type of connection is obtained for each combination
of roles, e.g. (dinp, dout). This discussion does not distinguish between interactors ADC
and ADCjg, so a connection type is symmetric, i.e. the same type of connection corres-
ponds to the combinations (dinp, dout) and (dout, dinp). The parallel composition operator
|[G]| may specify no connection (pure interleaving) or several of the connection types (a)~
(1) below (see also Fig. 3):

(a) Connection type (dinp, dinp). Both interactors receive data synchronously from
their display side. An example is a multiple selection of icons which are ‘dragged’. In
this case the mouse position is read by both interactors.

(b) Connection type (ainp, dinp). As with type (a) the two interactors are synchronised
consumers of data. In this case though, the input arrives at the abstraction side for
interactor A which interprets the input data independently of the display.

(c) Connection type (dout, dinp). This type of connection models the reuse of the
graphical output from interactor A as graphical input to interactor B. For example, an
interactor may ‘capture’ the instantaneous graphical output of a graphical application.
(d) Connection type (aout, dinp). Data is sent from the abstraction side of A to the
display side of B. For example, the thumb interactor of Fig. 2 should send its result to
an interactor modelling the whole slider.

(e) Connection type (c, dinp). The controller unit of interactor A and the input on the
display side of interactor B are mutually constrained. This could be used to implement
a mode, e.g. a keyboard modifier. For example, interactor A can model the keyboard.
Interactor B will receive input at gate dinp only when interactor A synchronises with
it, which will be only when the appropriate key is pressed.

(f) Connection type (ainp, ainp). In this case also, the two interactors are synchronous
consumers. Consider a graphical interface, which is resized following a menu command.
One possible approach to modelling the interface is that interactors should receive the
new screen coordinates of their enclosing window from their abstraction sides.

(g) Connection type (dout, ainp). Data is sent from the display side of B to the
abstraction side of A. This could be an example of a graphics output pipeline,
where each interactor manages one transformation of the graphics data structures.



P. Markopoulos et al./Interacting vith Computers 9 (1997) 197-223 207

(b)

@) () @ ) k) U}

Fig. 3. The range of connection types of ADC interactors. Arrows indicate gates for input or output. The last case
represents a simple synchronisation.

(h) Connection type (aout, ainp). A value is communicated from A to B. For example,
the slider of Fig. 2 may compute a numeric value which it then sends to other
interactors as input on their abstraction side. For example, a slider could help select
from an ordered sequence of data elements by using this number as the offset of the
selected element.

(i-1) Connection types (c, ainp), (¢, dout), (¢, aout), and (c,c). In these cases the
controller of interactor A constrains, and is constrained by, a gate of interactor B.
This is similar to type (e) above, where interactions on the common gate must satisfy
the conjunction of constraints specified by the CUs of the two interactors.

The list above does not include all the possible connection types. Fig. 4 illustrates those
omitted. These connection types concern pairs of interactors which synchronise over
common output gates and thus may deadlock when the two interactors attempt to ouput
a different value on their common gate. Excluding these cases means that a deadlock can
be effected only by inconsistent dialogues and not by inconsistent data values. This
ensures that the dynamic behaviour is not specified implicitly by the ADUs.

Choice can be used to specify alternative interactions. Consider, for example, a set of
interactors for drawing different shapes on a drawing package which are invoked by some
interactor supporting logical disjunction, e.g. a palette or a set of radio buttons. The
alternative interactors can be related by the choice operator and their composition could
be synchronised with the menu interactor on their initial events. Disable can be used to
specify interruption. For example, the interruption of a task supported by an interactor, €.g.
a dialogue box, can be modelled by composing this interactor with an ‘ok’ or a ‘cancel’
button and by composing the two with the disable operator of LOTOS. Choice and disable
are easily recognised as useful constructs for specifying human-computer dialogues. They
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Fig. 4. The types of connections which have been ruled out.

are called dynamic operators because the transitions they specify result in behaviour
expressions with a different syntactic structure than that of the original expression. This
makes them particularly suitable for specifying the dynamic deactivation of interactors
and in conjunction with the parallel operators for describing the dynamic activation of
interactors. Mezzannotte and Paternd [16] examine the effect these operators have on the
expressive power of an interactor model and consequently in the feasibility of verifying
interface specifications. The combination of dynamic composition operators with parallel
composition expressions can result in non-finite interpretations of the specification which
makes the verification by model checking infeasible. This trade-off between expressive
power and the uses of the model needs to be investigated with further practical applica-
tions of the model.

4. Synthesis of ADC interactors
4.1. Formal definition of synthesis

Complex interfaces can be specified as a LOTOS expression using the compositions
discussed above. What we mean by compositionality is that it should be possible to
re-write such a LOTOS expression into a single compound ADC interactor, i.e. to a single
LOTOS process which satisfies the conditions described earlier. This rewriting transfor-
mation is termed synthesis of interactors (Fig. 5). The synthesis transformation is defined
by:

1. An input expression, which is called the distributed form: DF = ADC 4 X ADCg where
® is a binary composition operator for non-terminating LOTOS behaviour expres-
sions (one of |}, | | |, [>, [] and |[G]| where G C G4 N Gg).

2. An output expression which is called the compound form: CF=
ADU,,31[GA UGE|ICUp where ADU,g = ADUL|[G,]|ADUg and CUpp =
CU, X CUyg. This form is determined by ® and G,.

3. The transformation requirement is that the compound form is itself an ADC interactor.
The expression CF is an ADC interactor, provided the ADU 4p is a well formed ADU. It
is therefore necessary that: G, N G5 N GE=0.
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Fig. 5. Synthesis applied to the synchronous composition of two interactors.

4. The correctness preservation requirement describes the invariant of the transforma-
tion, i.e. it expresses the desired relationship between the semantics of the distributed
form and the compound form. Clearly some congruence relation is required, i.e. the two
forms should not be distinguished in the various algebraic contexts they might appear
in. Strong bisimulation equivalence is proven below which entails the weaker require-
ment of congruence (see Appendix A).

4.2. Example

The ADC model has been tested by developing a specification of the graphical interface
of Simple Player™, an application program for the Macintosh computer which gives
access to play-back and editing facilities for QuickTime® movies. The specification
was elaborated to an abstraction level much lower than would be normaily intended in
a formal specification of an interface design. For the purposes of the case study, this
approach provides added confidence in the validity of the model: the comparison with
the observed behaviour is straight-forward and the contingencies of the represented
interactions are not brushed over or abstracted away from. A full exposition of the case
study and its results may be found in Ref. [7]. Here we present just a small part of it. Each
of the visible components of the Simple Player™ interface was modelled as an ADC
interactor. The interface was modelled as a composition graph of these interactors, plus
some auxiliary interactors used as connectives. A small segment of this graph is shown in
Fig. 6. This includes the three interactors indicated on the snapshot of Simple Player™ in
operation. The elliptic nodes are special purpose interactors used as ‘connectives’ to
communicate data asynchronously between interactors.

The abstraction side of the interactor playerBar is connected to the functional core, not
shown in Fig. 6. This core sends to the player bar the time coordinate of the currently
shown frame of the movie played. The player bar interactor outputs its display state
through gate doutPB. There are two recipients for this data. The thumb interactor receives
the time information at gate ainpTHMB through the connective conn/ shown as an ellipse,
and the selection band receives the time information at gate ainpSB. The thumb interactor
uses this information to update its display, offered at gate doutTHMB. Similar information
can flow in the opposite direction. Mouse events are input to the thumb from the display
side and communicated to the other two interactors from gate aoutTHMB, once more with



210 P. Markopoulos et al./Interacting with Computers 9 (1997) 197-223

X = o
% g [F] g L
2518 ZAE
Slziel <9
s|elg €72
3| &, g |
doutPB dinpPB
2|8 ampTHMl#
2| & player bar
g|E aoutTHMB

selection band

enable

thumb showing th
send umb showing the

current position

ress
doutTHMB | release
move

erase

doutSB
dinpSB

Fig. 6. The composition of three interactors of Simple Player®™.

the help of a connective (conn2). It is not suggested that the structure shown in Fig. 6 is the
structure of the actual software which is defined as a layered set of function libraries.
Rather, interactors are proposed as useful abstractions for structuring a formal specifica-
tion and the particular composition above was found helpful for this purpose in the case
study.

It is clear, that the three interactors and the two connectives are very closely related, in
fact, they can be thought of as a single interactor. This would model the behaviour of a
movie slider that combines the functions of its components, i.e. it allows selections to be
made and movie positions to be input or output. In the context of the graph representing
the global interface architecture, the graph segment of Fig. 6 could be replaced by a single
barrel node. In this process of synthesis a group of interactors is substituted by a single
interactor that models the same observable behaviour. The behaviour expression which
corresponds to the structure of Fig. 6 (the distributed form) is presented below followed by
its rewriting as a single composite interactor (the compound form).

The LOTOS behaviour expression defining the distributed form (DF) is:

((playerBar[dinpPB, aoutSB, doutPB, setMovieBox, getSelection, getTime,
gotoTime, setSelection]

|[doutPB]|

connl[doutPB, ainpTHMB, ainpSB])

|[ainpTHMB, dinpPB]|

(thumb[press, move, release, doutTHMB, ainpTHMB, acutTHMB]
|[acutTHMB]|

conn2[aoutTHMB, dinpPB, dinpSB]))

|{dinpSB. aoutSB, ainpSB]|

selectionBand[dinpSB, doutSB, ainpSB, aoutSB, erase, enable, send]
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The specification of the thumb interactor has been described already. For brevity the
specifications of the remaining interactors are not detailed here. The reader is referred to
Ref. [7] for a fuller exposition,

Process compound, the compound form (CF), has the general ADC structure:

process compound[G;,]: noexit: =
adu[G,,] |[Giol| cu[Gio)
endproc

where the following shorthand is used:

G, = {setMovieBox, getSelection, setSelection, getTime, gotoTime, doutPB,
dinpPB, aoutSB, ainpSB, ainpTHMB, aoutTHMB, press, move, release, doutTHMB,
dinpSB, doutSB, erase}

The ADU and the CU of the compound form are defined as follows (state parameters are
instantiated with initial values which are specified in the corresponding data types):

process adu[G,]:noexit ;: =

((aduPB[dinpPB, aoutSB, doutPB, setMovieBox, getSelection, getTime, gotoTime,
setSelection] (initPlayBarData, thePlayerBar, thePlayerBar)

|[doutPB]|

aduCONN1[doutPB, ainpTHMB, ainpSB](thePlayerBar))

|{2inpTHMB, dinpPB]|

(aduTHMB|press, move, release, doutTHMB, ainpTHMB, aoutTHMB](indicator,
thumb, thumb)

[[aoutTHMB]|

aduCONN2[aoutTHMB, dinpPB, dinpSB](aPoint)))

|[dinpSB, aoutSB, ainpSB]|

aduSB[dinpSB, doutSB, ainpSB, aoutSB, erase](noSelection, thePlayerBar, the-
PlayerBar)

endproc

process cu[G,]:noexit : =

((cuPB[dinpPB, aoutSB, doutPB, setMovieBox, getSelection, getTime, gotoTime,
setSelection|

|{[doutPB]|

cuCONNI[doutPB, ainpTHMB, ainpSB])

[[ainpTHMB, dinpPB]|

(cuTHMB|press, move, release, doutTHMB, ainpTHMB, acutTHMB]
[[aoutTHMB]|

cuCONN2[aoutTHMB, dinpPB, dinpSB]))

|[dinpSB, aoutSB, ainpSB]|

cuSB[dinpSB, doutSB, ainpSB, aoutSB, erase, enable, send]

endproc

This conceptually simple idea, of grouping and reshuffling interactor components, has
several implications for the formal model. It raises the question of what it means to group
interactors and further what it means for the two specified behaviours to be the same. As
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far as the formal specifications are concerned, it is desirable that the two behaviour
expressions can be interchanged as components of larger scale specifications without
changing the meaning of the overall specification. A definition of whether two specified
interfaces are the same from the user’s point of view is a harder problem. It depends on
how the users perceive and compare user interface behaviours, and whether they are able
to discern the kind of differences that a formal comparison of the specifications reveals.
Such a theory of user cognition is outside the scope of this paper.

The term ‘grouping’ is used here to describe the surface structure of a behaviour expression.
This structure affects the use of the specification either constructively, as a building block for
higher level components, or analytically, e.g. for the verification of the specified dialogue. The
synthesis of interactors by such groupings enables the bottom-up construction of interactors
from library components, or conversely the top down refinement of abstract specifications to
structure closer to the implementation architecture. Supporting this concept of composition,
by appropriate abstractions, notations and tools, can get us a step closer to supporting the use
of formal methods in the interface design process. Analytically, synthesis can be seen as
‘factoring out” CU specifications, which describe the dialogue of the user interface. Regard-
less of whether there is a separable dialogue component, synthesis enables the separation of a
dialogue specification, which can then be analysed separately. Restricting the size of the
specification and eliminating the data component of LOTOS facilitates the practical verifica-
tion of dialogue related properties by model checking tools.

From an interface design perspective synthesis transforms an implementation view of
the design as a composition of individual interactors to a design oriented view which
separates a centralised dialogue description from data handling for the global interface
specification. The latter is easier to inspect and easier to manipulate in order to design
interaction and induces a rational separation of concerns for the designer. In terms of
LOTOS specifications it amounts to a transition from a resource oriented specification to a
constraint oriented specification [15]. In contrast, the conventional specification practice
involves the transformation from a constraint oriented view to a resource oriented view.
Supporting this transition between specification styles reflects a view that the application
of formal methods to the design, specification and verification of user interfaces, should
align with the user interface design activity rather than dictate it. Guindon [17] argues that
user interface designers work both bottom-up and top-down. In either case, it will always
be necessary to construct complex entities by the composition of smaller scale compo-
nents, regardless of whether the design knowledge flows top-down or bottom-up. In
Markopoulos [14] the reverse transformation to synthesis, called the decomposition of
ADC interactors, is also introduced as a necessary complement to synthesis to support
the stepwise refinement of interface specifications.

5. Correctness of the synthesis transformation
5.1. Correctness for the synchronous composition of interactors

The distributed and the compound forms of the composition are:
DF = (ADU, [[G;¢]ICU,)I[G]|(ADUg|[Gio]|CUsg)
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CF = (ADU,[G, ]|ADUg)|[G}} U G 1/(CU,|(G,]ICUg)

Strong bisimulation equivalence of DF and CF is proved below, subject to constraints for
the gate sets G| and G,. The proof technique used here is adapted from Vissers [15] and is
a ‘shorthand’ version of the proof by bisimulation which is based on the following theorem
by Milner [18]:

DF~CF if (DF,CF) € R and R is a strong bisimulation relation.

Because an ADC interactor specifies no ‘silent’ actions i, the following must hold for R to
be a bisimulation relation (see Appendix A).
For all interactions g<<v> for which there is a transition for DF or CF:

<v>

a<v> . g
DE*=" DF’ = 3CF'|(DF’, CF') € R-CF*=Y CF’

g<v>

CF*ZY" CF' = ADF'|(DF', CF') € RDF*=% DF’ (CPR)

5.1.1. Proof

A relation R is proposed that can play the role of the bisimulation relation. For (CPR) to
hold, necessary and sufficient conditions are derived relating the gate sets of the compo-
nent processes of DF and CF.

Let

R = < (A[[Si]1IB)I[S:]I(CI[S3]ID), (A[S4JIO)[Ss11(BI[Se1ID) > }

where A, B, C, and D are behaviour expressions, S| to §¢ are gate sets. Clearly, (DF,CF) €
R by substitution. From the semantics of the synchronisation operator, any transition of DF
or CF involves the transition of at least one of its components. Further the transition will
always result in the same static structure for DF’ and CF’. Thus, (DF'CF’) € R, for any
transition g<<v>.

Condition (CPR) requires that DF and CF have the same sets of transitions. DF and CF
are behaviour expressions formed by the same components, so all possible transitions can
be categorised by considering each possible combination of transitions for their compo-
nents. Transitions are labelled by g<<v> which is defined by gate identifier g and value
<v>. By the semantics of synchronous composition, the gate identifier g must belong to
the gate set of the component process performing the transition which does not change
with the recursive instantiation of the processes ADU and CU. The domain of g for each
type of transition is the intersection of the gate sets of the component processes, con-
strained by the behaviour expression DF or CF so that the transition is possible, according
to the operational semantics of LOTOS. An empty gate set means that the transition is
impossible. To ensure that DF and CF offer the same events, the domains for g of DF and
CF are equated. If L(P) stands for the gate set of a process instantiation P, then (CPR)
requires that L(DF) = L(CF). Simple set manipulations result in the necessary and suffi-
cient conditions between the gate sets of the two expressions. The results are listed in
Table 1. Note that some combinations are impossible by the definition of the model, as for
example an ADU firing without synchronising with the CU component that controls it.
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For example, consider the first row of Table 1. It describes the case of a transition of the
form ADU, — ADU’ 4. For the DF such a transition is impossible because by the defini-
tion of ADC all gates of the ADU synchronise with the gates of its corresponding CU. The
second row describes a transition of the form CU, — CU’,. For DF the transition may
happen with an interaction at any of the gates in L(CU ), provided it does not belong to
either the gates of ADU 4 or the synchronisation gates in G. For the CF the transition may
happen only if the gate g is not in the synchronisation gates with CUj, i.e. the set G,, or in
the set of gates G/ U G at which the two controllers synchronise with the two ADUs. By
equating the two gate sets the condition listed on the table arises:

LDF)=LICF) =G> -GA-G=G -G, - (GLUGE)= G2 nG
=G{N(G,UGY)

In this case a useful condition results. In others a tautology arises which is noted as ‘no
condition’ on the corresponding row of the table. The combination of the resulting con-
ditions allows many possible constructions for G, and G, of the compound form. The
condition that results from their combination is

GANnGE CG,G,,G, and G, N(GANGEHU(GE NG =0
To satisfy this condition G, and G, can be constructed as follows:
G, =GANGENGAG,=G

This means that the controllers in the CF must be composed over exactly the synchronisa-
tion gate set used in the DF, while the ADUs can not synchronise over the gates
implementing connections of types (e), (i), (j), (k) and (1) of Fig. 3. By the transfor-
mation requirement G, NG5 N G® =@ (see paragraph 6.1) and by the construction
above it follows that the input form must be such that GN G2 NGB =@.This, as was
expected, rules out input forms implementing the connections of types (m), (n) and (o) of
Fig. 4.

The discussion so far has ignored the data values passed. It is argued that this does not
discredit the proof presented. An interaction may involve the communication of data from
one interactor to another, unless it involves both interactors reading data from a third
source or simply synchronising. These two cases are examined separately.

Connections (c), (d), (g) and (h) are the only connection types that support data com-
munication. Without loss of generality it is assumed that A produces data values and B
consumes them. By the definition of the model, the gates of the ADU are typed. Let
ValueSet(t) denote the possibly infinite set of values of sort t, and range o(g) C ValueSet(t)
(respectively rangeg(g) C ValueSet(t)) denote the set of values possibly offered by ADU 4
(respectively read by ADUg) over gate g. Predicate selection was ruled out in the
definition of the interactors so: rangeg(g) = ValueSet(t). Also, by definition, CU 4 and
CUj allow all values v € ValueSet(t). In Table 1, data communication takes place only in
the transition in the last row. By inspection of the DF and the CF it is easy to see that in
both cases the set of possible values is range a(g). Thus, for any gate label g, DF and CF
offer the same transitions g<v>>, with <v> € range(g).
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Table 1

Each row shows a combination of transitions and the condition put on the label sets of the components and G, G,
G, for it to be possible for both DF and CF

ADU, CU, ADUjg CUyg Condition
. No resulting condition
. GANG=G*N(G,UGE)
. . G NG =GN (G, UG,)
. No resulting condition
. , No resulting condition
. . (Gh—G)N(GUGH) — G =0
. . . No resulting condition
. GENG=GPn(G,uGh)
. . (Gl —G)N(GRUGE) -Gy =0
. . G*nGEnG=G2nGEnaG,
. . . GANGENG=(G,-G)NGENGEHuGE NGy
. . GENnG=GEn(G, UGy
. . . No resulting condition
. . . GENGANG=(G, - G)NUGE NGHUGENGE)
. . . . GANGENG=GANGE NG NG,

The remaining types of connections, i.e. (a), (b), (e}, (), (i), (j), (k) and (1) specify the
synchronisation of the two interactors with a variable declaration on both sides of a
connection. In this case, both the DF and the CF offer the same set of interactions
g<v> where g is the synchronisation gate and <v> is any value in ValueSet(t).

5.2. Correctness of synthesis for choice and disable

The distributed and the compound forms of the transformation for choice are as follows:

DF = (ADU, [[G1/CUA)[I(ADUg |[G}} ]/CUg)

CF=(ADU,|||ADUp)|[G{} U G 1/(CU,[ICUg)

The proof of DF~CF follows the same proof technique as for the synchronous composi-
tion, but it is simpler as it does not need to consider the communication of data between the
interactors. The bisimulation relation is defined to contain two pairs of behaviour expres-
sions with the give forms:

R = {a, b} where

a= < (A[[S|]IB)I(CI[S]ID), (A[lIC)I[S5]I(B{]D) > and
b= < A|{S,]|B, (A[[[O)I[S;]|B) > }

where A—D are behaviour expressions and S -S; are gate sets. (DF, CF) is isomorphic to
type (a) of elements of relation R, so (DF,CF) € R. To satisfy the definition for the
bisimulation relation DF and CF need to have exactly the same sets of transitions and
the result of the transition will also be a pair of behaviour expressions belonging to R. The
structure of the behaviour expressions changes with the first transition into a pair (DF’,
CF’) of type (b). Transitions for pairs of behaviour expressions (DF, CF) of type (b)
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maintain the same structure, so R indeed contains all the possible pairs of behaviour
expressions that might result from a transition.

By a process similar to that described in the previous paragraph the following necessary
and sufficient conditions are derived so that DF~CF:

GA*nGE=0AGPNGL=0AGANGE =0

By a similar process the corresponding expressions to DF and CF obtained by substituting
Ill with [> can be shown to be equivalent under the same conditions (cf. Ref. [14]).

6. Composition and hiding

A LOTOS hide expression designates that parts of some specified behaviour can not be
observed by its environment. The hide operator takes as an argument a set of gates which
are hidden. Hiding may apply to an interactor or to a group of interactors in order to
abstract from internal detail. The term abstract view is adopted here to describe an inter-
actor some of whose gates are hidden:

hide G,, in ADC

Abstract views can be used as building blocks for interface specifications. As was the case
with interactor specifications, it is interesting to examine in what circumstances a compo-
sition expression whose arguments are abstract views can itself be reshaped into an
abstract view. Fig. 7 illustrates the synthesis of an abstract view from the synchronous
composition of two abstract views. Abstract views are illustrated as black frames enclos-
ing the interactors-barrels.

Consider a behaviour expression DF which specifies the synchronisation of the abstract
views of two interactors ADC, and ADCy over a gate set G:

DF = (hide G§ in (ADU,|[G2]ICU))I[G]| (hide G in (ADUg|[GE]|CUp))
where GNGANGE =0

Provided that any one abstract view does not hide gates that belong to the gate set of the
other, i.e. G N (GE UGE)=0 and GP N (G U G2) =@ synthesis results in the follow-
ing compound form, which is weak observation congruent to DF:

CF =hide (G UGy) in (ADUL|[G,]|ADUR)|[Gj; U G 1[(CU,|[G]|CUg)
where G, =G NnGE NnG.

A similar congruence describes the synthesis of dynamic composition expressions invol-
ving abstract views:

(hide G in (ADUL|[GA]ICUL)) ® (hide G2 in (ADUg|[GB}ICUg))
= hide G} UG} in ((ADU,|||ADUg)|[Gf U G}]I(CU, ® CUg))

where ® is[] V [> and GANGE =B AGENGL=0BAG,NGE =0.
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j Gl

Fig. 7. Synchronous composition of abstract views.

These congruences follow easily from the corresponding equivalences defined for ADC
interactors. They show that the notion of an abstract view is an essential extension to that
of an interactor. Abstract views support the notion of compositionality provided that the
hidden gates of one abstract view and the gate set of the other processes do not overlap.
This is not a severe constraint in writing specifications but it does mean that some caution
should be exercised in naming the gates of an interactor.

A congruence law for hiding (cf. Ref. [6], p. 90) states that successive applications of
hide can be ‘factored out’ of a behaviour expression:

hide A in (hide A’ in B)
= hide AU A’ in Bhide A in (hide A’ in B) = hide AUA' in B

It follows that the cumulative effect of applying synthesis successively to a behaviour
expression which involves abstract views and interactors is to rewrite the expression as the
abstract view of a compound ADC interactor:

hide [all hidden gates...] (ADUtop levell[Gtop le‘vel]ICUtop ]eve])

where the ADU  jeve is @ well formed ADU and the CU 5 jeyel is isomorphic to the original
behaviour expression.

7. Discussion

An important motivation in developing the ADC interactor has been to support the
systematic re-use of formal specifications cornponents and a principled approach to their
composition. The idea of composing interactors has been further developed here. This
paper has focused on the use of two LOTOS operators: synchronisation and hiding.
Synchronisation specifies the static compositions of interactors, which intuitively corres-
ponds to interactors appearing together on the screen as one object. It can model data
communication between interactors and mutual constraints on each other’s dialogue.
Hiding helps abstract away from internal detail of compound interactors.

The definition of a formal framework for the modular development of software by the
composition of lower level entities or by the refinement and specialisation of higher level
entities is a subject of research in object oriented formal specification techniques [19]. As
mentioned already, the concept of an interactor is similar to that of an object, considered as
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an encapsulated module of specification which interacts with its environment through a
prescribed interface and a standard model of communication. In this narrow sense, the
ADC interactor is an object based formalism. However, objects are generally created and
destroyed dynamically at run-time, and this notion of the lifetime, or existence, of an
object with its own identity, should be reflected in an object-based specification. On the
other hand, an ADC formal interactor describes the lifetime of an interactor for which the
connections and the context for its execution are specified statically and it does not
generalise readily to an indefinite number of objects following the same specification or
whose configuration changes dynamically. This is a challenging task in the framework of
LOTOS, which is better equipped to support the specification of static configurations.

A reflection of the outcome of the synthesis transformation, the compound form, shows
that it is not simpler than the distributed form and it does not seem to enhance modularity,
at least in any obvious way. The controller units of individual interactors have been
‘factored out’, and they have been ‘divorced’ from their corresponding ADUs. Rather
than a simplification of a LOTOS behaviour expression, synthesis changes the ‘grain’ of
the architectural description. For example, it may be better to think of the player bar of this
example as a single interactor (the compound form) and not as a group of interactors.
Whether or not this is the case depends on the purpose and the context of the specification
exercise and the designed software architecture. The regrouping of interactors supported
by the synthesis transformation does not change the meaning or the complexity of the
specification. Rather, it moulds the specification into the form that fits the architectural
design of the interface. For example, at the initial stages of an interface design, a single
compound interactor describing the interface to Simple Player™ may be a more appro-
priate description, rather than the distributed form corresponding to the graph of Fig. 6. If a
higher level description is adopted, many of the details of the specification and the con-
figuration of the interactors are irrelevant. This may be the case for a bottom-up design
process, where the compound form is used as a building block for more complex expres-
sions without reference to its internal detail. [t is equally the case for top-down design
where specifications of pre-defined components are combined, or where the configuration
of the interactors has not yet been worked out. In such cases, the need for a more
abstract description of interactors is apparent and is supported by the concept of the
abstract view.

The practical impact of the synthesis transformation in the design life-cycle of inter-
active systems has not yet been investigated more than cursorily. At a first glance it seems
to support the bottom-up construction of user interface specifications. It is not the intention
of this research and it should not be the intention of a representation technique, formal or
not, to prescribe a particular approach to interface design. What is required from such a
scheme is that it provides the appropriate flexibility for its use in realistic settings. The use
of ADC interactor specifications is also consistent with the standard software engineering
approach to the refinement of abstract specifications. Standard techniques for the refine-
ment of LOTOS specifications can be used for this purpose. Markopoulos {14] discusses
the reverse of the synthesis transformation, the decomposition transformation, which
supports the stepwise refinement of ADC interactor specifications. In LOTOS terms,
decomposition is a transition from the constraint oriented to the resource oriented speci-
fication style [15].
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Formal interactor models are a direct analogue of object-based software archi-
tectures like PAC [13], ALV [12] and MVC [11] in the context of the formal specification
of user interfaces. Contrary to such informal architectures, formal interactor models
have to be associated with precisely defined semantics of their compositions. The
research reported is a contribution in this direction. The synthesis transformation allows
the general structure of the interactor to be maintained throughout the composition of
lower level entities. Thus the higher level composition will have the general ADC inter-
actor structure.

The consistent structure which is preserved through the composition of interactors
should enhance the comprehensibility of the specifications. Also, it enables the use of
generic expressions of properties of interfaces capitalising on the standardised syntactic
structure of the interactors. Markopoulos [14] discusses also how ADC interactor
specifications support the formal analytical evaluation of interaction dialogues. Some
interesting results in the automatic verification of interaction properties are reported by
[20] who showed how interactor specifications prompt generic expressions of usability
related properties which can be verified automatically by the use of model checking tools.
Extending this work, Mezzannotte and Paternd classify interaction properties with respect
to if and how their automatic verification is feasible.

The integration of formal interactor models within more psychologically informed
design approaches is also an issue of current research. Markopoulos et al. [21] propose
a formal framework for testing interface specifications against formal expressions of task
models.

It has been argued throughout this paper that the synthesis of interactors to form
higher level entities has direct relevance in the context of interface design. The work
reported here has addressed, at a theoretical level, some of the issues arising in scaling
up interactor specifications. This is on-going work and theoretical and practical implica-
tions of the various compositions are still under investigation. The instantiation of the
ADC formal interactor model, the use of the libraries of specification components, and the
transformation of formal specification are expensive activities. Plans for future work
include the development of special purpose tools for constructing and editing ADC
specifications which should relieve the specifier from the logistics of these tasks. This
research uses general purpose tools which support specification in LOTOS, e.g. the LITE
toolset [22] and the CADP toolset [23]. The view advocated with the ADC formal
interactor model is that practical benefits for the task of specifying formally user interface
software can be reaped from the systematic re-use of specification components, the
standardisation of specification styles, and the development of purpose specific tool
support.
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Appendix A.

This appendix introduces a few elements of the LOTOS language which are used in the
paper. The reader is referred to Ref. [24] for a full tutorial on the language. LOTOS is a
hybrid specification language that consists of two component languages: a process
algebra for the specification of the temporal ordering of the behaviour of systems and
the ACT-ONE abstract data typing language. A system is described in LOTOS as a set of
interacting processes which interact via gates. Sequencing information about such inter-
actions is given by behaviour expressions. The simplest behaviour expression is just a
process instantiation. More complex behaviour expressions are built up by the composi-
tion of process instantiations with LOTOS operators. The LOTOS operators used in this
paper and their meaning are summarised in Table 2.

LOTOS supports the multi-way synchronisation of processes. This means that any
number of processes can synchronise over a gate, participating in a single synchronisation
on each interaction on this gate. This feature supports the incremental specification of
constraints on the occurrence of events at a particular gate, which gives rise to the con-
straint oriented style of specification discussed by Vissers et al. and used throughout
this paper.

A process may specify its participation in an interaction with an action declaration. This
can be just the gate identifier if no data communication is specified. It may involve an
output of some value, e.g. g!v where v is a value. A LOTOS action declaration may also
take the form g?x:t, where x is a name of a variable and t is a sort identifier indicating the
domain of values over which x ranges. This corresponds to a set of possible actions for
the behaviour expression. For example, g?x:integer specifies a set of actions g<v> where
<v> is in the domain of the integers. Suppose processes A and B are composed in parallel
over a gate g as in A|[g]|B. If A offers a value over that gate, e.g. g'true, and B offers any
event g?x:Boolean, then the value true is passed from A to B.

The semantics of LOTOS operators are defined formally in terms of labelled transition
systems. The equivalences used to compare LOTOS behaviour expressions in the paper
are introduced below, adapted from LOTOSPHERE [25]. In the following, the notation

p
S—r

denotes a transition from a state s to a state r which is labelled by an action p.

Table 2
The LOTOS process operators used in this paper

Name Syntax Meaning

action prefix a, B a then behaviour B

selection predicate [b]- > a; B if b then a then B

choice Af[]B behaviour A or B

interleave All|B A and B are concurrent but do not synchronise with each other
disable A[>B perform A until it terminates, unless at some point B interrupts A

parallel composition Alla, b, ...]JB A and B synchronise at gates a, b, ... and interleave on others




P. Markopoulos et al./Interacting with Computers 9 (1997) 197-223 221

Appendix A.0.1. Definition. Strong bisimulation equivalence
A relation R C Q X Q is a bisimulation relation on Q if V(P,S) € R, Va € AU {7} the
following holds:

PSP = 3S'|(P',S)ERSSS’
S8 = 3P'|(P',S') ERPSP

Two processes P and S are called strong bisimulation equivalent if there exists a strong
bisimulation relation R relating their initial states of their LTS, i.e. (po,S¢) € R.

The transition relation s = 'r denotes that a string of observable actions t, effects a
transition from a state s of the process to a state r. Actions are qualified as ‘observable’ to
differentiate them from silent internal actions which can be the hidden action i or the
successful termination event 8. By substituting s = 'r in the place of —* in the definition
above we obtain the weak bisimulation relation and the weak bisimulation equivalence,
denoted as P = Q.

These definitions extend to full LOTOS processes. Two LOTOS behaviour expressions

P and Q, with all their free value-identifiers contained {x,, ..., X,} are weak (strong)
bisimulation equivalent, if all instances [E /x|, ..., E/x,]P and [E\/x,, ..., E/Xx,]Q are
weak (respectively strong) bisimulation equivalent where E,, ..., E,, are closed value
expressions of the same sort as x|, ..., X, respectively.

A LOTOS context C[.] is a LOTOS behaviour expression with a formal process para-
meter denoted by ‘[.]’. If C[.] is a context and B is a behaviour expression then C[B] is a
behaviour expression that is a result of replacing all ‘[.]’ occurrences in C[.] with B. Two
LOTOS behaviour expressions B | and B, are called weak bisimulation congruent, denoted
B, = B,, if for all LOTOS contexts C[], C[B ] = C[B,].

Appendix A.0.2. Definition. Naive transformation from full LOTOS to basic LOTOS.

This transformation maps a LOTOS specification to a basic LOTOS specification, by
mapping each interaction of the original specification to an interaction characterised by the
same gate name but is not associated with data values. The definition below of the
mapping P from full LOTOS behaviour expressions to basic LOTOS expressions, is
adapted from Ref. [25]. The mapping is defined here only for the LOTOS constructs
used to specify ADC interactors. In this definition g denotes a gate, e denotes an ACT-
ONE value expression, x denotes an ACT-ONE value identifier, s a type sort, B a full
LOTOS behaviour expression, Q a LOTOS process identifier.

P(gle; B)=g; P(B)

P(g?x :s; B)=g; P(B)

P(B,[[G]|B,) =P(B)I[G]IP(B,)

P(B,[1B;) =P(B))[IP(B))

P(Qlg,, ..., galler, ..., &))=Qlg1, ..., 80l

PQIg, s 8alX1s s X)) 1 =B)=Qlgy, ..., g] 1 =P(B).
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