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Abstract. The temporal logic of actions (TLA) provides operators to express
liveness requirements in an abstract specification model. TLLA does not, however,
provide high level composition mechanisms which are essential for synthesising
and analysing complex behaviour. Contrastingly, the object oriented paradigm
has proven itself in the development of structured specifications. However, most,
if not all, of the object oriented formalisms are based on the specification of
safety properties and, as such, they do not provide an adequate means of ex-
pressing liveness conditions. This paper examines how we combine temporal
semantics and object oriented concepts in a complementary fashion. High level
re-usable concepts are formalised as different kinds of fair objects. The object
oriented semantics aid validation and customer communication, whilst the TTLA
semantics provide a means of formally verifying liveness requirements. The fair-
ness concepts are founded on the notion of objects as servers which may have
multiple (concurrent) clients. Some simple telephone feature specifications illus-
trate the practical application of our fair object semantics.

1 Introduction

We believe a complementary integration of object oriented concepts and TLA[1] within
one formal framework is an aid to requirements modelling. Our main goal is to draw
together the object oriented, concurrency and fairness concepts into one formalism.
Combining the different semantic frameworks is not an easy task. We are currently
following two different approaches which, we hope, will meet in the middle. Firstly, we
are examining the means by which we can imporve Lamport’s proposals for structural
mechanisms in TLA[2], which will reflect the object oriented semantics of classification,
composition, subclassing and polymorphism. Secondly, we are extending the object
oriented semantics to include the notion of different forms of fair objects. This paper
reports on this second line of work. Namely, we report on the different forms of fair
object which act as high level reusable components during requirements modelling.
Throughout this paper we do not report on the formal integration of our two different
semantic models. Rather, specifications are given pairwise and the intuitive relationship
between each model in a pair is informally, yet rigorously, explained.

1.1 Objects

Object oriented methods encompass a set of techniques which have been, and will
continue to be, applied in the successful production of complex software systems. The
methods are based on the simple mathematical models of abstraction and classification.
We adopt a simple object-labelled state transition system semantics (O-LSTS) which



regards an object as a state transition machine [4]. The true advantage of the O-LSTS
approach is in the initial requirements modelling phase of development. It improves
the communication with the customer and aids in synthesis, analysis and validation.
However, we have found the inability to express liveness requirements a main weakness
when applying the O-LSTS approach. Without liveness we can specify only what cannot
happen (i.e. saftey properties) rather than what must happen. Furthermore, without
temporal semantics based on liveness, the nondeterminism in a system can be specified
only at one level of abstraction: namely that of an internal choice of events. This can
lead, as we shall later see, to many problems in development.

1.2 Temporal Logic and Liveness

Consider the specification of a shared database. This database must handle multiple,
parallel requests from clients. The order in which these requests are processed is re-
quired to be nondeterministic. This is easily specified without liveness. However, if the
requirements are now refined to state that every request must be eventually served (this
is a fairness requirement which we cannot express in a safety-only semantic framework).
Our only choice is to over-specify the requirement by defining how this fairness is to
be achieved (for example, by explicitly queueing the requests). This is bad because we
are enforcing implementation decisions at the requirements level.

TLA [1] provides a simple and effective means of expressing fairness properties. The
semantics incorporate the notions of always (represented by the O operator) and even-
tually (represented by the & operator). Using these, we can specify different categories
of fairness within the object oriented framework. The ability to model nondeterminism
at different levels of abstraction is the key to TLA’s utility in requirements modelling.
Unfortunately, TLA does not provide the means for easily constructing and validating
initial customer requirements. By combining TLA and object oriented semantics we
can alleviate these problems.

1.3 Telephone Feature Specification

Features are observable behaviour and are therefore a requirements specification prob-
lem [5]. We concentrate on the domain of telephone features [6,7]. The feature inter-
action problem is stated simply, and informally, as follows: A feature interaction is a
situation in which system behaviour (specified as some set of features) does not as
a whole satisfy each of its component features individually. Most feature interaction
problems can be (and should be) resolved at the requirements capture stage of de-
velopment[8]. The telephone feature examples in section 4 are taken from a large list
of specifications which we have developed using our fair object concepts. Telephone
feature specification is well suited to our semantic approach because it requires a high
degree of structuring to cope with the highly compositional and incremental nature of
such systems; and there is a clear need for fairness requirements [9].

2 Semantic Framework

2.1 Objects as State Machines: Different Views

Labelled state transition systems are often used to provide executable models during
analysis, design and implementation stages of software development [10-12]. In par-
ticular, such models are found in the classic analysis and design methods of [13-15].



However, a major problem with state models is that it can be difficult to provide a
good system (de)composition when the underlying state and state transitions are not
easily conceptualised. The object oriented paradigm provides a natural solution to this
problem. By equating the notion of class with the state transition system model and
allowing the state of one class to be defined as a composition of states of other classes,
the O-LSTS approach provides a means of specifying such models in a constructive
fashion.

The O-LSTS semantics also permit us to view objects at different levels of abstrac-
tion. Firstly, using an abstract data type (ADT) we can specify the functionality of an
object at a level of abstraction suitable for requirements capture[16]. Secondly, we can
transform our ADT requirements into a parameterised process algebra (LOTOS[17,18])
specification for the design stage. Finally, as we approach an implementation environ-
ment, we can view the objects in our designs as clients and servers in a distributed,
concurrent network. At each of these levels of abstraction we provide a means of incor-
porating fairness requirements.

ADT View — The simplest way to introduce the ADT view is through a standard
example: A Queue of Integers is specified using the OO ACT ONE specification
language from [3]. An equivalent graphical representation of the state transition system
is also given.

CLASS Queue USING Integer
CLASS Queue USING Integer

) -1 ) —Fal LITERALS empty
Is-empty=True Isempty=False STRUCTURES Aqueue (Queue, Integer)

//’\\\ ACCESSORS is-empty:Bool

% TRANSFORMERS push(Integer)
DUALS pop:Integer

o3 pepeineg

empty.is-empty = True,

V pop=| Aqueue(Q,I).is-empty=False,

@ push(l) Q. .push(I)=Aqueune(Q,I),
L pop=EXCEPTION ) empty...pop =

| | | empty RETURNS EXCEPTION,

_ Aqueue(Q,I)...pop=Q RETURNS I
push(Integer) pop:Integer is-empty:Bool ENDCLASS Queue

The Queue uses a predefined class Integer (which itself uses Bool) The literal and
structure members define all the possible (states of the) objects in the class. There
is one non-structured literal value empty. All other elements are structured from two
components, namely a Queue and an Integer, using the AQueue operator. The class
interface is defined by the three different sets of services offered: a transformer changes
the internal state of an object, an accessor returns some value without changing
internal state, a dual returns a value and may also change the internal state. The
services may be parametrised (e.g. push) to represent the input data passed to the
server object when a service is requested. The equations are used to define a semantics
for the interface services. The syntax (including the dot notation) should be easy to
follow: one dot defines the value returned when a service is completed, two dots defines
the new state of an object after a service is fulfilled, and three dots defines both these
values. It should be noted that every class has, by default, an implicit EXCEPTION
value which can be used in cases like the popping of an element from an empty queue.
Furthermore, variables which are not typed explicitly may have their types inferred



where there 1s no ambiguity. We also have tools for verifying the completeness and
consistency of such specifications.

Process Algebra View — Consider a system made up of two Queues, as specified
above, whose behaviour is illustrated by the O-LSTS diagram for class TwoQs. (The
corresponding OO ACT ONE code can be easily deduced from the diagram: the only
new construct is the dotted move transition which represents an internal, nondetermin-
istic state trabsformer.) A corresponding full LOTOS design! is found to the right of
the diagram. The ADT part of the LOTOS specification, not shown, is generated auto-
matically from the OO ACT ONE specification, and is used to parameterise the process
definition for the corresponding behaviour. In this case, type TwoQs parameterises the
behaviour of process TwoQs.

CLASS TwoQs USING Queue

QQ(QL,Q2) PROCESS TwoQs [push,

N
J

\\\ pop] (TwoQ: TwoQs) :
pop=Q2.pop AN NOEXIT:=
AN HIDE move IN
AN ( push? Integerl:Integer;

push(l) N

< move TwoQs[...] (push(TwoQ,Integer1))
QQ(QLQ2..pop) / )0

!

( pop; pop! popRESULT(TwoQs) ;

Q0L push(l). 02) ) TwoQs[...] (pop(TwoQ))
v ) [
( move; TwoQs[...](move(TwoQ)) )
ENDPROC (* TwoQs *)

J
l push(Integer) l pop:Integer

Vs

The TwoQs provides two services: push (which pushes elements onto the first queue
component) and pop (which pops elements from the second queue component); and the
internal state transition move transfers elements from the first queue onto the second
queue. The full LOTOS design moves us a step closer to an implementation because
our specification is now modelled as a process with which we can communicate. This
particular LOTOS design, chosen for its simplicity, specifies that a remote procedure
call protocol? is used for communication with the TwoQs process. The push operation
is carried out synchronously between the object and its environment. The pop operator
requires some result to be returned and we model the communication of the result as
an event different from the service request. The move operation is hidden from the
environment of the TwoQs process: as such, the movement of elements between the two
queues cannot be determined by the TwoQs client(s).

It is now possible, using a pre-defined correctness preserving transformation, to
re-use the compositional structure found in the OO ACT ONE specification in a struc-
turally equivalent compositional LOTOS specification. This results in an equivalent
specification with two Queue processes synchronising on an internal move event. We

! For simplicity, we use a shorthand ‘[...]° to represent a gate list which is the same as that
found in the process definition header.
2 Other types of protocol can also be generated automatically.



illustrate this below, in a partial specification together with an equivalent O-LSTS
structure diagram:

TwoQs Structure Diagram

e N
Q1 Q2 PROCESS TwoQs[push, pop] (QQ(Q1,
Q2)):
?fm}r?l push(integer) NOEXIT:=
i move _ -7 HIDE move, popl, push2 IN
pop'llnteger ~-7 Queue[push, pop1](Q1)
| [pop1]1
Control[move, popl, push?2]
push(Integer) pop:Integer ) | [push2] |

Queue [push?2, pop] (Q2)
where ...ENDPROC (* TwoQs %)
push(Integer) pop:Integer
Each of the component Queue processes 1s generated directly from the ADT spec-

ification. The names of the external services of these components are indiced to avoid
name clashes, and all synchronisation between the two components is controlled by a
Control process. This Control is generated through analysis of the equations defined
in the TwoQs ADT. There will (nearly) always be a need for such a control process:
we consider it as a refinement of the actions which are shared between the component
parts. In this example, we note that push and pop do not require co-operation between
the two components and so these can be routed directly to the internal components.

Client-Server View — The type of LOTOS design seen above is quite close to the
type of client-server model that is found in many reference models for software devel-
opment, see [19,20], for example. We can say that the environment of a TwoQs process
1s 1ts client. Now let us consider a liveness property which we would reasonably require
such a system to fulfil. The nondeterministic move operation cannot be guaranteed
to be carried out when we specify only safety properties. We may require that if an
element is pushed onto the first queue, then it will eventually be moved to the second
queue. We do not wish to specify how this happens, only that it does. This is the
essence of abstraction with regards to the nondeterminism in our system: we need to
be able to specify fairness at the ‘class level of abstraction’.

Furthermore, we need to consider what happens when a server has multiple (con-
current) clients. Tf an object in the server’s environment requests a push how can we
be sure that it will be carried out even though, in this case, it is always enabled? The
problem 1s as follows: if the server is shared between other clients then how do we
guarantee that one client’s requests will eventually be carried out? Certainly, we could
specify some sort of queueing protocol, for example. However, again we believe that at
this stage of design we do not want to impose such implementation decisions. A fair
object should guarantee, wherever possible, the eventuality of meeting clients’ requests
in a concurrent environment. Using TLA, we shall show how different types of fair
objects can be used to fulfil such eventuality requirements.

2.2 Temporal Logic

Introducing TLA — TLA is a linear temporal logic introduced by Lamport [1] and
based on the action-as-relation principle. A system is considered as a set of actions,



namely a logical disjunction of predicates relating values of variables before the acti-
vation of an action and values of variables after the activation of an action; a system
is modeled as a set of traces over a set of states. The specifier may decide to ignore
traces that do not satisfy a scheduling policy, such as strong or weak fairness; and tem-
poral operators such as O (Always) or & (Eventually) are combined to express these
assumptions over the set of traces.

The meaning [II] of a linear temporal-logic formula I7T is a Boolean-valued function
on behaviors. We say that the behavior o satisfies IT iff [IT] (o) equals TRUE. Formula I7
is valid, written |= IT, iff every behavior satisfies IT. To use temporal logic to specify (a
mathematical model of) a system, we consider states to represent possible system states
and events to represent possible system actions, so a behavior represents a conceivable
execution of a system. A system is specified by a formula IT that is satisfied by precisely
those behaviors that represent a legal system execution.

The power of TLA with respect to verification is its simplicity. One model is verified
against another simply by logical implication. The means of verification are built into
the language semantics.

Liveness and Safety — A safety property expresses that something bad will never
happen. More precisely, a safety property is a formula on traces that 1s satisfied by
an infinite behavior o if, and only if, it 1s satisfied by every prefix of o. It is finitely
refutable. Alpern and Schneider have shown that a safety property is a closed set
in an adequate topology[21]. Intuitively, a safety property IT constrains only the finite
behavior of a system—any behavior that fails to satisfy IT fails at some specific instant.

A liveness property states that something good will eventually happen. The two
most commonly seen liveness properties, within the TLA framework, are weak fairness
and strong fairness. We examine these below, where we incorporate them into our fair
object framework.

Weak fairness — Consider the simple O-LSTS for System1. (We represent only
internal actions and abstract away from the state values that play no role in deciding
which internal actions are enabled. In this way the example is trivial, but it does
illustrate the need for fairness.) The system permits traces a;a;a;... and b;b;b; .. ..
In other words, we cannot guarantee that either a or b will ever be performed. The
corresponding temporal logic specification (based on TLA syntax) is also given.

————module System{———
extends DATA

algernl X,S8 : VARIABLE
Vs

—— ~N definitions
7\ a STATES = { soA}
. \ Initial_System1 =
(s =3s0) A (z € DATA)
@ A= R,(z,2')A UNCHANGED s
el “ b B = Ry(z,2")A UNCHANGED s
\_ ) Nofairness_System1 2

A Initial _System1
AO[AV B,




The specification of Nofairness_System1 guarantees, through the always operator
0O, the eventuality of some action being carried out. It does not guarantee either of the
actions individually: for that we need the notion of weak fairness. Weak fairness states
that if an action 1s continually enabled then it will be eventually carried out. This is
defined below, together with other useful concepts:

Definition 1. Fundamental TLA Concepts

p in the next state: p’ = p(V v v /v)

Eventually p in a linear temporal model: OF = —0O-F
Either action A or a stuttering step: [A]; = AV (f' = f)
F Leads to G: F~ G = O(F = <OG)

An A step without stuttering: < A >; = AN £ 1)
Unchanged: UNCHANGED f = f/'=f

Definition 2. Weak Fairness
Weak fairness: WF; A 2 00< A > VOO-ENABLED < A >

We define weak fairness on an object (system), written W F(system) to be the
system together with weak fairness requirements on all the internal events in its alpha-
bet. Using the TLA theorem prover TLP [22], we can now prove that neither a nor b
actions in W F(System1) will be continually refused in order to carried out the other
(see Propertyl in the specification).

————module WF_Systeml————

extends Systeml
definitions
WEF_System1 =N Initial _System1
A O[AV B,
AWF< 2,5 >A
AN WF< 2,5 >8B
theorems
Propertyl 2 WF_System1 = OO <A> <y o5 AOO <B>c1 o>
assumptions
Assumption_A ZvVre DATA,3x' € DATA : Ro(z,3")
Assumption_B = Vo € DATA, 32’ € DATA : Ry(z,2")

Now, in the specification of the TwoQs system we can use weak fairness to guarantee
that the move operation cannot be continually ignored. Thus, specifying WF(TwoQs)
guarantees that we shall always eventually be able to pop off an element (from the
second queue component) provided we have already pushed an element (onto the first
queue component). Using TLP, we can now prove that WF(TwoQs) => Queue, i.e. the
system of two queues is an implementation of a simple queue.

Strong fairness — Weak fairness guarantees the eventual execution of an action
when that action is continually enabled. If the action is not continually enabled, but
is enabled an infinite number of times, then weak fairness does not guarantee its ex-
ecution. This is the role of strong fairness. Consider the simple O-LSTS for System2.
The system permits the trace a;b;a;b;a;b;.... We may require that event e always



eventually happens. However, stating weak fairness on System2 (i.e. weak fairness on
all its actions) does not guarantee the execution of any e events. For this we require
strong fairness. By stating strong fairness, as defined below, on action £ in System2,
we can prove 1ts eventual execution:

Definition 3. Strong Fairness
SFiA = 00 < A>¢ VOO-ENABLED < A >

————module System2———
extends DATA
X,S : VARIABLE

definitions
System2 STATES 2 { s1,52,3 }
(" -, A Initial_System?2 = (s=s1)A(z € DATA)
T e A A
+° e VRa(z,2') A (s = 52) A (s’ = 51)
| VRa(z,2') A (s = 33) A (s’ = 52)
7 \ B2
) Y VRy(z, ") A (s = s1) A (s = 52)
/ ) VRy(z,3') A (s = 52) A (s = 33)
«\ K P a
a s b Ro(z,2") A ((s = s1) V (s = 53))
"\ A UNCHANGED s
SF_System?2 2 A Initial _System?2
. AOAVBVE]L
Y \\ ANSF<z,s>A
)/ ) ANSF<z,5>B
/ ! ANSF<xz,8>&
/ /b theorems
a ; PIs
\ SF_System2 =00 < & >cqp o>
\\\ assumptions
AN AN Assumption_A4 =
A e Vo € DATA, 32" € DATA : Ro(z,2")
== . A
\_ Y, Assumption_B =

Vo € DATA,3x’ € DATA : Ry(z,3")
Assumption_& =

Vo € DATA,3x’ € DATA : Ro(z,2")

There is no need for strong fairness in the TwoQs system to guarantee the movement
of elements. However, imagine a similar system where a move is enabled only directly
after a push event. In this instance, we would need to define strong fairness on this
system to guarantee the movement of elements between the two queues. We define
SF(system) as the system in which all its internal actions have the strong fairness
requirement. We note that SF is more commonly found than WF: it is not often that
internal actions are continually enabled since in most specifications there are interme-
diate states, like s2 in System2, where a required action is not enabled but is sure to
be enabled in the next state.



3 Fair Objects

The goal of our research is to identify high-level fairness concepts within our object
oriented framework. The O-LSTS specifications can then be extended to include fair-
ness requirements, which are to be reasoned about using TLA. Weakly fair objects
and strongly fair objects provide us with two such concepts; five additional high-level
concepts are described below. Each of these has played an important role in the devel-
opment of telephone feature specifications.

3.1 Progression

The notion of progression arises from the way in which concurrent processes are mod-
elled through an interleaving of events. We can ”"view” such interleaving as though
there is a scheduler which randomly chooses which process to be executed at any par-
ticular time. In such systems we wish to specify that each of the component processes is
fairly scheduled. Consider the simple example in the diagram below, where we consider
concurrent TwoQs component objects which do not need to communicate within the
system in which they are found:

SystemProg
p

TwoQsl TwoQs2

In SystemProg we can not guarantee the internal movement of elements in either
of the two components, even if we specify the component objects to be fair (strong
or weak). The reasoning is simple: the interleaving semantics, of the process algebra,
would allow either one of the two processes never to be scheduled and thus the internal
moves may never be enabled. Thus, we require some means of saying that the scheduling
in SystemProg is fair. Furthermore, we want to be able to do this without having to
change the specifications of the two components. Progression corresponds to this notion.
In this simple example, we can see that Prog(SystemProg) could be defined as strong
fairness on the action (moveryogs1 V movery,gs2). This can be easily formalised, and
generated automatically, in TLA.

A more complex situation occurs if there is synchronisation between two, or more,
components of a system. In such a case, we require strong fairness on the synchronising
action(s) and progression in the individual components:

Definition 4. Progression
A process P is said to (strongly) progress, written Prog(P), when:



— If P has no component processes then we require SF(\/, er i), where I is the internal
action set of P.

— If P has components C'1 and (2 then each of these components progress and
SF(\/;c 1), where J is the set of internal actions on which €'l and C'2 synchronise.

This definition is easily generalised to processes with more than two components.

A weaker form of progression can be defined by placing only WF constraints on
the internal action sets. By default, when talking about progression, we mean strong
progression. The utility of progression is illustrated by System3, where we see that pro-
gression is needed to guarantee the eventuality obligations (see 3.5): Vo € {a,b,¢,d, e}:
OO Enabled(x). Thus, using progression, we can prove that the environment of System3
will never have to wait indefinitely for a requested service to be enabled.

System3
p

C1

Ve

Progression Reasoning:

Prog(System3) = Prog(C1) A Prog(C2)

Prog(C1) = SF(1V jVk)

Prog(C3) = SF(fVg)
Prog(C4) = SF(fVvhVli)

\ theorems

Prog(C2) = Prog(C3) A Prog(C4) A SF(f)

¢ Propertyl = Prog(C1) =

O(<O(Enabled(a)) A O(O( Enabled(b)))
Property2 = Prog(C2) =

O(<O(Fnabled(c))) A O(O(Enabled(d))) A
O(<O(Enabled(e)))

3.2 Possible Fairness

Nondeterminism often gives rise to systems in which it is always possible for an action
to be enabled (by following a certain sequence of interal actions) yet the action cannot
be guaranteed to be executed through the use of strong fairness or progression (see
system4, below). In such cases, we require the notion of possible fairness. (Lamport
has also considered the notion of possibility[23] but our approach, we believe, is much
simpler with respect to the development of fair objects.)

Definition 5. May — System Il may lead to P
[May  (P))(0) = [IT](0) => 3p T o : 3r: [I](p- 7) A[OP](7)

Definition 6. Always possible — P is always possible in IT
P_(P) = [(e)=>VYp T o:3r:[I](p-7)A[OP](T)

Definition 7. Possible fairness —
An action A is possible-fair, written PF(A), if it is guaranteed to be enabled when it
1s always possible.

PFr(A) 2P (P)= OEnabledA



A systemis said to be possible-fair if all its internal actions are possible-fair, written
PF(system). Consider the O-LSTS for System4. We see that event ¢ is always possible,
1.e. no matter what state we are in we can always find a sequence of actions which will
lead to ¢ being enabled. In such a situation we may wish to specify OOC. Specifying
strong fairness does not, however, disallow the trace b;a;d;b;a;d;.... To disallow
this behaviour we require a possible fairness on event c.

————module Systemj———
extends DATA
X,S : VARTABLE
definitions
STATES 2 { s0,s1,52,s3 }
Tnitial_System4 = (s =3s0) A (z € DATA)
s N A=

System4

VRa(z,2") A (s = s0) A (s’ = s1)

VRa(z,2') A (s = s2) A (s’ = 53)
7 B
a - . AN VRy(z,3") A (s = 50) A (s = 52)

>

-7 | VRy(z,3") A (s = 52) A (s = 50)
- c2
- =
N c VRc(z,2") A(s = s1) A (s = 50))
N D=
| N b Ra(z,2") A ((s = 83) A (s’ = 50))

System 2 A Initial _System4

\ b AOAVBVCV D],

d) \\ ASF<z,s>A
' : ASF<z,5>8
ANPF<z,8>C
- ANPF<z,8s>7D
@4/ a assumptions
-

Assumption_A4 =
J Vo € DATA,3z' € DATA : Ra(z,2")
Assumption_B 2
Vo € DATA,3x’ € DATA : Ry(z,3")
Assumption_& =

Vo € DATA,3x’ € DATA : Ro(z,2")

We note that strong fairness on event a implies O((<Oc) V (Od)). An a event must
always eventually be taken (due to the strong fairness condition) and so this a event
enables either event ¢ or event d. System4 is thus modelling a deferred nondeterministic
choice between actions ¢ and d. It is possible to model the same behaviour by renaming
all the a events, and specifying strong fairness on each of them. This approach would
give rise to many complications if the a events corresponded to synchronisations be-

tween different component objects. Possible fairness lets us reason about such complex
cases in a very simple manner.



3.3 Compositional Fairness

There are many different ways in which we may wish to define new fair objects in
terms of already specified fair objects. One such composition mechanism is illustrated
by System5, where we require the following behaviour with respect to fairness:

Event ¢ should act like a fairness switch (which is on in state s0 and off in state
s1). When on, events a and b should be weakly fair. When off, there should be
no fairness on these events.

System5 (compositional style)

System5
b 'd N\
Lo ~ WF(System1)
- / / V
Cc I

~~~~~~~~ %

- ___
\\ﬁt\ C /'\r’

N \/

a a

AN
Thus, we allow the traces a;c;b;b;b;... and a;b;b;c;a;a;a;..., but disallow

an infinite sequence of a’s or b’s when there has been an even number of ¢ events.
We cannot specify this behaviour in a satisfactory way by using the global fairness
operators. (We can specify the behaviour in a contrived fashion by relabelling events
and hiding the specification behind an interface which decodes the relabelling.) Rather,
we require a means of specifying System5 as a composition of two different types (with
respect to the fairness) of Systemi. In this way we localise the fairness to system
components rather than forcing fairness upon the whole system. This simplifies the
proving of theorems using TLA and aids implementation.

3.4 Politeness and Eventuality

We now examine the composition of fair objects in such a way that nondeterminism
must be resolved by co-operation. First, we need some new definitions:

Definition 8. Eventuality
Action a is said to be eventual in Process P, written ev,(P), iff

P = OO FEnabled(a)

Definition 9. Eventuality set
The eventuality set of Process P, written Ev(P), is defined to be: {z : eva(P)}

We say that one system 1s polite to another, with respect to some construction
operator, if the eventuality properties of the events in the first system are maintained
in the composed system. This is illustrated by the TCS example, below.

TC is a nondeterministic tea-coffee machine. TS is a nondeterministic tea-soup ma-
chine. The machine TCS is a composition of the two which requires synchronisation
on the external tea action. The example is trivial but it does illustrate the politness
concept.



TCS

coffee tea soup

In system TCS we say that the components are impolite because either one can
cause deadlock in the other. Consider a client of TCS who requires tea, and is willing
to wait (a finite period of time) while others are served coffee or soup. Now, if either
machine reaches the ready to serve tea state then that component cannot serve
another drink until the other is also ready to serve tea. Thus, the client may never
get their tea request served. However, if we specify SF(TC) then the tea-coffee machine
cannot forever choose to serve coffee and so cannot deadlock the tea-soup machine. In
other words SF(TC) is polite to TS when they synchronise on tea. Similarly, SF(TS)
ensures that the tea-soup machine cannot cause deadlock in the tea-coffee machine.

To formalise this notion, we say that synchronised machines are polite (in a certain
composition) if the eventuality sets of each machine is a subset of the eventuality set
of the complete system in which they are composed.

3.5 Eventuality Protocols

Consider a queue object which allows the pushing and popping of elements; there is
one particular exception case which we must consider: what happens when the queue
is empty and a pop is requested. Is it the responsibility of the server or the client to
cope with such an instance?

In the first instance we consider client responsibility. Here, the server queue cannot
enable the pop request and thus refuses to participate in it. The client must then
either wait until some other client pushes an element onto the queue or decide to do
something else (or both). However, the client is unable to distinguish between a queue
that is empty and not serving the request, and a queue that is taking its time to service
the request. This approach 1s fundamentally flawed.

In the second instance, we consider server responsibility. Here, the notion of po-
liteness is fundamental. If the queue server can always guarantee the enabledness of
the pop action (even when the queue is empty) then the client has no additional wor-
ries. Within our fair objects framework we have a wide range of means of achieving
responsible servers.

Client Eventuality Requirements — We have identified five different types of
client eventuality requirements which could provide high level reusable concepts. A



client may require that a service request be serviced immediately. A client may require
that a service is carried out eventually. A client may wish a service to be performed
immediately on condition that if it cannot be done without delay then it will be
informed. A client may wish a service to be performed eventually on condition that
if it cannot be guaranteed to be done in a finite period of time then it will be informed.
The client wants the service but places no eventuality requirements on when the
service must be performed (if ever).

Server Eventuality Properties — FEach service that a server offers can be classified
dynamically, during execution. An immediate service is now enabled. An eventual
service is guaranteed to be enabled in a finite period of time. An possible service may
be enabled but it depends on the environment of the server in forcing certain state
transitions; no internal action can make the service impossible to fulfil eventually. A
probable service can possibly be enabled but it depends on some internal nonde-
terminism; no external service request can make it impossible to service the request
(eventually). An impossible service will never be enabled.

Client-Server eventuality protocols — Within a fair object system, the server
properties can, we hope, be made to match the client requirements. This 1s the job
of an interface protocol which seperates clients from servers. In a formal model of
requirements we should be able to prove that eventuality needs are fulfilled by servers.
For now, we concentrate on how such needs can be specified and how eventuality
properties can be guaranteed. The fairness classifications which we identified earlier in
this paper may be used to provide server guarantees to clients.

4 Telephone Feature Examples

In each of the following examples, we specify the behaviour requirements from the
telephone user’s point of view. All network operations are modelled as internal nonde-
terministic operations.

4.1 The Phone

The O-LSTS specification of a telephone is given below.

State invariant properties define restrictions on the possible sets of component val-
ues, using the O operator of TLA. For example, as is shown in the figure below, we
may require that when onhook the Phone must be ringing or silent. These prop-
erties are verified, for more complex cases, by proving that all transitions are closed
with respect to the invariant, and the invariant is true for initial state(s). Note that the
state invariants specified in this way are explicit requirements of the client that must
be respected by the model. A specification where the invariants are not true is said to
be inconsistent.

Liveness conditions can be specified on the nondeterministic events in the model,
using the & operator of TLA. For example, we require that when off and connecting
the user does not wait forever for a state transition if they refuse to drop the phone.
This must be specified in a separate TLA (temporal) clause. We specify weak fairness
on the noconnection action. Note that we cannot specify the Phone to be a weakly
fair object since we cannot expect someone to phone us (even if we would like them
to).
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4.2 An answering machine

Without giving the actual specification, it is clear that an answering machine requires
fairness semantics. The standard functionality is for the phone to ring for a finite period
of time and then a message to be taken.

An eventuality requirement is that when I ring someone with an answering machine
I will eventually talk with them or get to leave a message. This requirement can be
proven with TLP, using a fair object model of the answering machine. However, as we
shall see below, when combined with other features, such an eventuality requirement
can be lost (and we have an interaction).

4.3 Call forwarding

Informally, call forwarding can be used to transfer an incoming call to another line.
Thus, if I am not at home I can, for example, forward my calls to my portable phone.
Here the transfer is an internal action and it must be completed in a finite period of
time, and so we once again we have an eventuality requirement. In the specification,
we make the requirement conditional on the forwarding number being connectable.

4.4 Answering machine with Call forwarding

Combining these two features illustrates the difference between a fair object model
and a standard object model. Without fairness, when I telephone someone with an
answering machine who has forwarded their call to another number then, if there is
no answering machine at the second phone, I cannot leave a message if they do not
reply. With the fair object requirements model, I must be able to leave a message if
the person doesn’t reply (independent of whether the call is forwarded or not). Thus,
if the telephone at the forwarded address does not have an answering machine my
specification requires that the call control is returned to the original phone so that a
message can be left there.



5 Conclusion

We have shown how the integration of object oriented semantics and temporal logic
i1s appealing. Different types of fair object have been introduced and the means of
re-using these high-level concepts has been shown. The formalisation of a specification
language based on fair object concepts 1s incomplete and we have been forced to specify
our problems using the two different semantics. Such a dual-model approach has proven
itself in the domain of telecom feature development. We believe that our research could
also be useful in any problem domain where clients and servers act in a distributed
framework. Certainly, our work is not yet complete, but we are already finding our fair
objects to be useful conceptualisations during different stages of formal development.
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