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Abstract

This paper describes a timed, multi-
threaded object modeling notation for
specifying real-time, concurrent, and re-
active systems. The notation Timed Com-
municating Object Z (TCOZ) builds on
Object-Z's strengths in modeling com-
plex data and algorithms, and on Timed
CSP's strengths in modeling process con-
trol and real-time interactions. TCOZ is
novel in that it includes timing primitives,
properly separates process control and
data/algorithm issues and supports the
modeling of true multi-threaded concur-
rency. TCOZ isparticularlywell suited for
specifying complex systems whose compo-
nents havetheir own thread of control. The
expressiveness of the notation is demon-
strated by a case study in specifying a
multi-lift system that operatesin real-time.

Index Terms

1 Introduction

Many formal speci cation and design no-
tations have tended to concentrate either
on data modeling and algorithmic con-
cerns (eg. Z, VDM, etc.) or else on pro-
cess control concerns (eg. CSP, CCS, Stat-
eCharts, etc.). Complex systems often
have intricate system states and process
control structures involving concurrency
and real-time interactions. To formalise
such systems, it is necessary to have a no-
tation which is able to capture both the
data/al gorithmicissues and the process be-
haviour issues in a smoothly integrated,
but also highly structured and modular,

manner. In consequence, the blending of
state-modeling and process languages has
become an active area of research [22, 51,
53, 25].

Object-Z [20] is an object oriented ex-
tension of the Z formal speci cation lan-
guage. Z isamodel-oriented speci cation
language with powerful features for de-
scribing complex data structures and their
operations. Object-Z improves the clar-
ity of large Z speci cations through en-
hanced structuring. However, the process
semantics of Object-Z mean that: process
execution is single threaded; operations
are atomic, there is no notion of the du-
ration of operations;, and process control
logic is tightly coupled with class struc-
ture. Therefore, itisdif culttouse Object-
Z to mode concurrent rea-time reactive
systems.

Timed CSP [48] is an extension of
Hoare’'s Communicating Sequential Pro-
cesses (CSP) notation. It builds on CSP's
strengths in modeling process control is-
sues, such as concurrency and synchro-
nisation, by adding primitives for model-
ing real-time issues. However, CSP has
only the most rudimentary mechanisms for
modeling data and algorithmic issues and
it is cumbersome to capture the state of a
complex system.

This paper describes an integration of
Object-Z and Timed CSP, caled Timed
Communicating Object Z (TCOZ), and
presents a case study on using TCOZ
to specify a real-time multi-lift system.
TCOZ builds on the respective strengths
of the Object-Z and Timed CSP notations
in order to provide a single notation for
modeling both the state and process as-
pects of complex systems. The notion
of blending Object-Z with CSP has been



suggested independently by Fischer [22]
and Smith [51]. The most obvious nov-
elty of TCOZ isthat it is built on Timed
CSP and includes primitives for treating
timing issues, however in addressing the
issue of time it has been necessary to
make several inovationswhich impact pos-
itively even on the treatment of ‘untimed
systems. TCOZ adopts a ner grain of
atomicity than either Fischer or Smith.
Operations are considered to represent a
sequence of (unspeci ed) update events,
rather than to constitute atomic events in
themselves. This opens the possibility of
tresting operation composition and re ne-
ment in TCOZ, including the introduction
of multithreaded concurrency at the opera-
tionlevel. TCOZ adopts an explicit mech-
anism for enabling operations (and indeed
arbitrary processes) which is distinct from
the operation de nition itsdf. This in-
creases the potential for reuse of operation
speci cations and alows the notions of
operation and processre nement to be rec-
onciled. TCOZ adopts the CSP channel-
based communications paradigm in itsfull
generality and enhances it by theintroduc-
tion of a novel network topology opera-
tor that allows the communications inter-
faces of complex TCOZ processesto bevi-
sualised through simple network-topol ogy
graphs. Thisimproves decoupling of class
de nitions by simplifying the interfaces
between objects. For the most part, these
topics can be touched on only brie y in
this paper and they will be the subjects of
future more detailed correspondences.

The TCOZ notation has been brie y de-
scribed and exercised in introductory pa-
pers by these authors [41, 42, 14]. This
paper combines elements of these papers,
but describes the notation and its use in
grester detail. Important issues such as
formal syntax and semantics are explained
for the rsttime.

The remainder of the paper is organised
as follows. In Section 2, Object-Z and
Timed CSP notations are brie y intro-
duced. The advantages and disadvantages
of the two notations in modeling timing,
concurrency, complex data and agorith-
mic aspects are demonstrated using acom-
mon example, atimed collection. In Sec-

tion 3, the blended notation, TCOZ, isin-
troduced and thetimed collection example
used to show how it uses the strengths of
theindividual notationsto address their re-
spectiveweaknesses. |n Section 4, the case
study on specifying a real-time multi-lift
system is presented. In Section 5, a dis-
cussion of related work is presented. Fi-
nally, a syntax for TCOZ is presented as
Appendix A.

2 Object-Z and Timed CSP

The common example of a generic timed
collection is used through out this section
and the next section to to illustrate the
differences between and to demonstrate
the advantages and disadvantages of the
Object-Z, Timed CSP, and TCOZ nota-
tions respectively.

2.1 Generictimed>collection exam»
ple

The generic timed-collection denotes a
collection of eements of type X with a
time stamp. Operations are allowed to add
elements to and delete elements from the
collection. When deleting an element from
the collection, the oldest element should
be removed and output to the environment.
The collection has the following timing
properties. Firstly, that it takes a small
but non-zero time (t, and ty respectively?)
to update the internal state during a add
or delete operation. Secondly, each ele-
ment of the collection becomes stale if it
is not passed on within t, time units of be-
ing added to the collection. Stale eements
should never be passed on, but are instead
purged from the coll ection upon becoming
stale. The purge operation has a duration
of t,.

2.2 A modd of time

In this paper, dl timinginformationisrep-
resented as real valued measurements in
1For ease of presentation (especialy in the

Object-Z and Timed CSP versions) we adopt exact
timing constraintsin the timed-collection example.



seconds, the Sl standard unit of time [31].
Describing time and other physical quanti-
tiesin terms of standard units of measure-
ment isan important aspect of ensuringthe
completeness and soundness of speci ca
tionsof red-time, reactive, and hybrid sys-
tems. In order to support the use of stan-
dard units of measurement, extensions to
the Z typing system suggested by Hayes
and Mahony [28] are adopted. Under this
convention, time quantitiesare represented
by thetype

T==TRs,

which represents real-valued time mea
sured in seconds. Timeliteralsconsist of a
real number literal annotated with a sym-
bol representing a unit of time. For ex-
ample, 3 us is aliteral representing a pe-
riod of three microseconds. All the arith-
metic operators are extended in the obvi-
ous way to dlow calculations involving
units of measurement.

The timing constants associated with the
timed-collection example are introduced
viaaxiomatic de nitions.

| tatatpto: T
23 Object>z

The main Object-Z construct is the class
de nition. A classisatemplatefor objects
of that class: for each object of aclass, the
object’s states are instances of the class
state schema and the object’s state transi-
tions are instances of the class' operation
schemas. An object is said to be an in-
stance of a class and to evolve according
tothede nitionsof its class.

Since Object-Z has no standard conven-
tionsfor handling timing and process con-
trol issues, it is necessary to model these
issues explicitly in the class state. One
such approach is Timed Object-Z [11],
which incorporates ideas from various Z-
based approaches for specifying rea-time
requirements [21, 43]. The Timed Object-
Z approach consists of two conventions.
Firstly, environmental factors are modeled
as functions of time and are included in
the system state. In the timed-collection

example, the environment is modeled by
functions left and right. These functions
represent the participation of the environ-
ment in Add and Del ete operations respec-
tively. The second extensionistoincludea
global real-time clock, conventionally rep-
resented by a distinguished state attribute
now. The clock may only be updated dur-
ing an operation and the next operation
must start as soon as the previous one is
nished. In order to model the time taken
between operations it is thus necessary to
introduce a Wait operation.

2.3.1 Timed-collection in Object-Z
Theuseof Timed Object-Z isillustrated by
the TimedCollection classin Figure 1.

The generic function ps (purge stale) isde-
ned in Figure 2.

=[X]
ps: (T x F(T x X)) — F(T x X)
ps(t, @) = &

Vi:T;s:F(Tx X) e
ps(t, s) = {(to, €) : S|
to>te(to—t,€)}

Figure 2. purge stale function

eg. ps(2 us, {(1 us, a), (3 us, b), (7 s, ©)})
={(Lus,b), (5ps,c)}.

The rst schema of a class is called the
state schema. It describes the various
dtate attributes and the class invariant.
The class attributes are divided into pri-
mary attributes and secondary attributes,
which appear below a A separator placed
in the declaration section of the sate
schema. The important aspect of sec-
ondary attributes in the context of the
TimedCollection classes is the fact that
they are subject to change by every op-
eration. For a detailed discussion of sec-
ondary attributes see Dong et al [15].
The predicate below the line in the state
schema is called the class invariant. It de-
scribesthe state propertiesthat must be es-
tablished initialy and preserved by every
operation.

In the TimedCollection class, the primary



—_TimedCollection[X]

left, right: T +» X
mems : F(T x X)
A

now : T
tj,idle: T

t:T

oldest : X

[current time]
[idling parameters]
[oldest item]

mems # @ = (t, oldest) € mems A t = mindommems
letrm= {7 : dom(left Uright) | 7 > now e 7 — now} U dommems o
rm# @ = idle = min(rm)

now € dom|eft

left(now) = €7

now —now =t, A tf = 0 us

mems’ = ps(t; + ta, mems)
U{(to, €7)}

—INIT —Delete

mems = & A now = 0 us A(mems)
ti=0us el: X

_Add mems # @
A{mems) now € domright
e : X right(now) = €!

now — now =ty

tt =0ps
el = oldest
mems’ = ps(t; + tq,

mems\ {(t, oldest)})

_Purge
A{(mems)

ti € dommems
now —now =ty A tf = 0 us
mems’ = ps(t; + t,, mems)

_Wait
idle> 0 us
now’ — now = idle

t =t +idle

Figure 1. Object>Z model of the Timed Collection

attribute mems denotesa  nite set of time-
stamped elements of the generic type X.
The other primary attributes are the left
and right environment variables. Since
these variables represent interactions with
the environment, they are not subject to
change by any of the class operations.

In the TimedCollection class, the sec-
ondary attributes are now, denoting the
current time; and t;, denoting theidletime
since the completion of the last operation;
the tuple (t, oldest) denoting the oldest &-
ement being in the collection, when it is
non-empty; and the time variable idle, de-

noting the time until the next operation.

The INIT schema describes the alowed
initial valuesfor the class attributes, in this
case mems. The initial schema implicitly
includes the state schema, so that the ini-
tia state includes dl the class attributes
and satis estheclassinvariant. Thetimed-
collection initialy contains no elements.

The remaining four schemas are operation
schemas which describe the alowed state
transitions for the class. The declaration
parts of operation schemas may include a
A-list of those (primary) attributes whose
values may change. By convention, any



primary attribute not appearing in the A-
list may not change value. The values of
the secondary attributes are always subject
to change. Every operation schema im-
plicitly includes the state schema in un-
primed form (the state before the opera-
tion) and primed form (the state after the
operation).
The timing behaviour of the
TimedCollection requires careful ex-
planation. The Add operation may occur
only when there is an item available on
left. It updates timeouts in the existing
collection and purges any stale items (this
is described in the ps funtion de nition),
and adds the new item with the maximum
timeout of t,. This activity must take
exactly t, and theidletime is set to 0 ps.
The Déelete operation is enabled only when
the right environment is willing to accept
the oldest item, it communicates the item
and then deletes it from the collection.
The Purge operation is envoked when
no communication is possible before the
rst item goes stae (ti € dommems).
Each of these operations aso implicitly
updates the idle attribute according to the
requirement in the data invariant. The
idle attribute always records the amount
of idling required before the next action
is enabled and the Wait operation simply
consumes thisidletime.

2.3.2 Trangtion system interpretation

Object-Z has a three-stage semantics. The
various operations in a class are given a
standard Z semantics, then this is used
to develop a transition-system semantics,
which then determines an event-based pro-
cess semantics [50]. The Z operation se-
mantics is best viewed as describing are-
lation between initial and nal states for
each operation. The operations of a given
class thus form a named collection of re-
lations, which determines atransition sys-
tem in which a given operation may re
exactly when its Z precondition is satis-

ed. The Z precondition of an opera-
tion schema describes the initial states for
which there exists some nal state satis-
fying the schema predicate. The process
model for the class consists of all the se-

guences of operations/events which can be
performed by objects of the class.?

For example, the TimedCollection ob-
ject starts with mems empty then evolves
by successively performing either Add,
Delete, Purge, or Wait operations. Thisis
sometimes expressed semi-formally by an
equation such as

TCheh = (Add O Delete O
Purge O Wait); TCheh.

Here TCbeh represents the behaviour of
the TimedCollection, (— O _) is Object-
Z choice between operations,® and (—; _)
is Object-Z sequential composition. The
choice of which operations are enabled at
each point is determined by which precon-
ditionsaresatis ed by thecurrent state. As
an example of a precondition calculation
consider the Purge operation. The Z pre-
conditionisde ned tobe

Imems : F(T x X);
now , t/,idle : T;
(t,oldest) : T x X o Purge.

By expanding the predicate part of the
Purge schema and simplifying, it can be
shown that thisis equivalent to

now — t; € dommems

Thus the Purge operation may only oc-
cur when the oldest member of the timed-
collection has expired.

Thisentwining of behavioural control mat-
ters with algorithmic matters crestes un-
necessary complexity in thedesign process
and fails to promote a clear separation of
concerns. For example, in order to ensure
that operations occur in some desired or-
der the designer must painstakingly craft
the preconditions of al the operations in
aclass so as to ensure the desired interac-
tions and may even need to add unneces-
sary process statein order to represent con-
trol state. Sincethereisno way to progress
time except through the action of an oper-
ation, it is necessary to introduce pseudo-
operations such as Wait whose sole pur-
pose is to make sure that there is some-
thing to do at each point in time and deep

2Smith’s semantics also includesready setswhich
record the enabled events at each step.
3Notetheclear in uence of CSP



reasoning is required to demonstrate that
time does indeed aways progress. Per-
haps most inconvenient, is the fact that
this use of preconditions to control the
sequencing of transitions is incompatible
with aspects of Z agorithmic re nement.
In particular, re nement by weakening an
operation’s precondition is disalowed in
Object-Z. Weakening an operation’s pre-
condition would result in it being enabled
more often, thus playing havoc with the
process control structure of the original
speci cation. For example, if the precon-
dition for the Purge operation was wesk-
ened it would be possiblefor it to occur -
ther before or after the expiry timestamp of
data element, a result completely at odds
with the purpose of the timestamp.

233 Summary

The TimedCollection class describes the
data state (mems) and operations of the
timed collection well. However, Timed
Object-Z requiresinteractionswith the en-
vironment and the progress of time to
be micro-managed in an intrusive manner.
The proliferation of additional attributes
required to deal with process control and
timeresultinsigni cant over speci cation
of the system. All too frequently deep rea
soning is required to comprehend the sub-
tle and complex interplays between opera-
tions and environment.

24 Timed CSP

Timed CSP [48] extends the well-known
CSP (Communicating Sequential Pro-
cesses) notation of Hoare [30] with timing
primitives. CSP is an event based notation
primarily aimed at describing the sequenc-
ing of behaviour within a process and the
synchronisation of behaviour (or commu-
nication) between processes. Timed CSP
extends CSP by introducing a capability
to quantify temporal aspects of sequencing
and synchronisation.

CSP adopts a symmetric view of process
and environment. Events represent a co-
operative synchronisation between process
and environment. Both process and en-
vironment may control the behaviour of

the other by enabling or refusing certain
events or sequences of events. Although
CSP semantics are symmetric with respect
to process and environment, we nd it
helpful in the following to use the words
request and block as synonyms for enable
and refuse respectively when referring to
the environment.

241 Process primitives

A process which may participate in event
a then act according to process description
P iswritten

a@t — P(t).

The event aisinitially enabled by the pro-
cess and occurs as soon &s it is requested
by its environment, all other events are re-
fused initidly. The event a is sometimes
referred to astheguard of the process. The
(optional) timing parameter t records the
time, relative to the start of the process,*
at which the event a occurs and allowsthe
subsequent behaviour P to depend on its
value,

The second form of sequencing is process
sequencing. A distinguished event v is
used to represent and detect process ter-
mination. The sequential composition of
P and Q, written P; Q, acts as P until P
terminates by communicating v* and then
proceeds to act as Q. The termination sig-
nal ishidden from the process environment
and therefore occurs as soon as enabled by
P. The process which may only terminate
iswritten SKIP.

The paralel composition of processes P
and Q, synchronised on event set X, is
written

PIIX]IQ.

No event from X may occur in P|[X]| Q
unless enabled jointly by both P and Q.
When events from X do occur, they occur
in both P and Q smultaneoudy and arere-
ferred to as synchronisations. Events not
from X may occur in either P or Q sepa-
rately but not jointly. For example, in the

4This may be non-zero because the process must
wait until the event is requested by its environment.



process described by
(a—P)[[a]l(c—a—Q)

all a events must be synchronisations be-
tween the two processes. Since a is not
enabled initially by the right hand process,
a cannot occur in the left hand process un-
til the right hand process has performed a
c event and the a event becomes enabled in
both processes.

In an asynchronous parallel combination

PIIQ

both components P and Q execute concur-
rently without any synchronisations.

Diversity of behaviour is introduced
through two choice operators. The ex-
terna choice operator alows a process
a choice of behaviour according to what
events are requested by its environment.
The process

(a—P)0O(b— Q)

begins with both a and b enabled. The
environment chooses which event actually
occurs by requested one or the other rst.
Subsequent behaviour isdetermined by the
event which actualy occurred, P &fter a
and Q after b respectively. When therange
of choices is large (possibly in nite), ex-
terna choice may be written in an inten-
tional form,

Oa:AeP(a),

which allows the environment to choose
any event a from a set A and subsequent
behaviour is determined by P(a).

Internal choice represents variation in be-
haviour determined by theinterna state of
the process. The process

a—Prnb—-0Q

may initialy enable either a, or b, or
both, as it wishes, but must act subse-
quently according to which event actually
occurred. The environment cannot affect
internal choice. Again an intentional form
isallowed.

An important derived concept in CSP is
the notion of channel. A channel isa col-
lection of events of the form c.n: the pre-

X ¢ is caled the channd name and the

collection of suf xes is called the values
of the channe. When an event c.n oc-
curs it is said that the value n is commu-
nicated on channel ¢. When the value of a
communication on achanne isdetermined
by the environment (externa choice) it is
caled an input and when it is determined
by theinterna state of the process (internal
choice) it is caled an output. It is conve-
nient to writec?n : N — P(n) to describe
behaviour over a range of allowed inputs
instead of the longer COn:N e cn —
P(n). Similarly the notation c!n : N —
P(n) isused instead of [Tn:N e c.n —
P(n) to represent a range of outputs. Ex-
pressions of the form c?n and c!n do not
represent events, the actual eventisc.nin
both cases.

The interrupt process P; v e — P, be
haves as P; until the rst occurrence of in-
terrupt event e, then the control passes to
Ps.

Recursion is used to given nite represen-
tations of non-terminating processes. The
process expression

uPea’n:N - blif(n) - P

describes a process which repestedly in-
puts a natural on channd a, calculates
some function f of the input, and then out-
puts the result on channel b. CSP speci -
cations are typically written as a sequence
of simultaneous equations in a nite col-
lection of process variables. Such a speci-
cation X == F(X) isimplicitly taken to
describe the solution to the vector recur-
sion ;X & F(X).
In general, the behaviour of a process at
any point in time may be dependent on
itsinterna state and this may conceivably
takean in niterange of values. It is often
not possibleto providea nite representa
tion of a process without i ntroducing some
notation for representing thisinternal pro-
cess state. The approach adopted by CSP
is to alow a process de nition to be pa-
rameterised by state variables. Thus a def-
inition of theform

Pn:N = Q(n)

represents a (possibly in nite) family of
de nitions, one for each possible value of



n. There is no inherent notion of process
state in CSP, but rather these annotations
are a convenient way to provide a nite
representation of anin nite family of pro-
cess descriptions.

242 Timingprimitives

To the standard CSP process primitives,
Timed CSP adds two time speci ¢ prim-
itives, the delay and the timeout.

A process which alows no communica
tionsfor period t then terminatesiswritten
WAITt. The process

WaITt; P

isused to represent P delayed by timet.

The timeout construct passes control to an
exception handler if no event has occurred
in the primary process by some deadline.
The process

(@—=P)e{t} Q

will try to perform a — P, but will pass
control to Q if the a event has not occurred
by timet, as measured from the invocation
of the process.

24.3 Thetimed collection example

The timed collection can be modeled as a
process with two channels, left and right
respectively. Elements are added to the
collection through communications on the
left channel and removed through commu-
nications on the right channel. The tim-
ing issues of the timed-collection can be
described using (Timed CSP's) delay and
timeout constructs.

The initial state is represented by the
empty set.

TimedCollection= TCy.

Whenthe rst element joinsthe collection
it is stamped with a timeout and the time
taken to update the process state is repre-
sented by adelay.

TCs = left?e: X —
WAIT t; TC{(to,e)}

When the collection is non-empty the pro-
cessis ready to accept |eft or right events.
The staleness stamps are updated with
each communication and state update de-
lays are introduced. In the event of no
communication occurring before the old-
est element becomes stale, dl stae de
ments are purged (see Figure 3).

TCitayus =
(Ieft?e: X@ti — WAIT ty;
TCos(ti+ts, {(t,0)}U9U{ (to,9)} O
right!la@t — WAIT tg;

TCPS(ti+td7S).) >{t}
WA|Ttp; TCpS(t-Hp,ﬂ)

where (t,a) = nd_oldest({(t, a)}Us).

=X
nd_oldest : P, (T x X) —
(T x X)

Vs: P (T x X) e 3(t,€) :Se
t = min(doms)
nd_oldest(s) = (t, e)

Figure 3. behaviour when non»
empty

244 Summary

For such an example Timed CSP is su-
perior to Object-Z as a means of describ-
ing process control. Timed CSP & so han-
dles the timing issues of delays and time-
outssimply and elegantly. The allowed se-
guences of events are clearly and concisely
determined by the CSP code, there is no
need to calculate preconditions nor is any
other form of deep reasoning required to
understand the ways in which the timed-
collection may evolve. The Timed Object-
Z approach resultsin atoo complex model
which over speci es this simple system,
even though the timed collection example
does not make use of the multi-threading
and synchronisation capabilities of Timed
CSP which are clearly well beyond the
scope of Object-Z's atomic state transi-
tion semantics. On the other hand, the
syntactic trestment of internal state in the



above is complex and unwidlding, dis-
tracting strongly from the basicaly ele-
gant trestment of the delay and timeout
issues. Although, for example, Roscoe's
CSPy language [46] includes some pow-
erful data modeling primitives, CSP still
has no standard support for state modeling
in the form of mathematical toolkits and
libraries nor are there modular techniques
for constructing and reasoning about com-
plex interna state.

3 TCOZ

In many ways, Object-Z and Timed CSP
complement each other in their capabili-
ties. Object-Z has strong data and ago-
rithm modeling capabilities. The Z mathe-
matica toolkit is extended with object ori-
ented structuring techniques. Timed CSP
has strong process control modeling capa
bilities. The multi-threading and synchro-
nisation primitives of CSP are extended
with timing primitives. Moreover, both
formalismsare dready stronglyin uenced
by the other in their areas of weakness.
Object-Z supports a number of primitives
which have been inspired by CSP notions
such as externa choice and synchronisa:
tion. CSP practitioners tend to make use
of notation inspired by the Z mathemati-
cal toolkitinthe speci cation of processes
with internal state. Thisis not surprising
given their joint associations in the Pro-
gramming Research Group, Oxford. An-
other important connection is the well-
known duality between the state transition
behavioural model and the event based be-
haviourad modd [29] which makes it a
simple matter to develop complementary
semantics for the two languages.

Given these factorsit is natural to consider
the possibility of blending the two nota
tions into a more complete approach to
modeling real-time and/or concurrent sys-
tems. Fischer [22] and Smith [51] havein-
dependently suggested CSP-style seman-
tics for Object-Z classes in which oper-
ation calls become CSP events. Opera
tion names take on the role of CSP chan-
nels, with input and output parameters be-
ing passed down the operation channel as

values. This view ts nicdy with the
Object-Z interpretation of operations be-
ing atomic, butisnot well suited to consid-
ering multi-threading and real-time. Re-
stricting operations to atomic events col-
lapses the spatial and temporal aspects of
operations, everything happens a a sin-
gle point and instantaneoudy. |dentifying
channel names with operation names cre-
ates unnecessary tensionsbetween the data
and process views of objects and consider-
ably reduces the potential for reuse of op-
eration de nitions. Another approach is
that taken by Galloway in his CCZ lan-
guage[24], based on Z and (val ue-passing)
CCS. There Z operation schemas do not
appear as events, but instead appear as
pre xesto parameterised CCS output pro-
cesses. The effect of the operation schema
is to restrict the alowed output values
in the associated process and to update
the values of the process state parameters.
Whilst this approach effectively disentan-
gles the communication interface from the
operationd structure, the need to associate
every occurance of an operation with afol-
lowing output process is amajor syntactic
inconvenience.

The approach taken in the TCOZ notation
isto identify operation schemas (both syn-
tactically and semantically) with (termi-
nating) CSP processes that perform only
state update events; to identify (active)
classes with non-terminating CSP pro-
cesses;, and to alow arbitrary (channel-
based) communications interfaces be-
tween objects.

The syntactic implications of this ap-
proach is that the basic structure of a
TCOZ document isthe same as for Object-
Z. A document consists of a sequence of
de nitions, including type and constant
de nitions in the usua Z style. TCOZ
varies from Object-Z in the structure of
class de nitions, which may include CSP
channel and processes de nitions. In fact,
all operation de nitionsin TCOZ are con-
sidered to de ne CSP processes. The
CSP view of an operation schema is that
it describes all the sequences of update
events which change the system state as
required by the schema predicate. The
exact nature and granularity of these up-



dateeventsis left undeterminedn TCOZ
(at leastat the syntacticlevel), but by al-
lowing an operationto consistof a num-
ber of events,it becomedeasibleto spec-
ify its temporalpropertiesvhendescribing
the operation. Since operationschemas
take on the syntactic role of CSP pro-
cessesthey may be combinedwith other
schemasndevenCSPprocessessingthe
standardCSP processoperators. Thusit
becomegossibleto representrue multi-
threadedcomputationeven at the opera-
tion level, somethingthat would not be
possiblewith CCZ approach. The Fis-
cher/Smithapproachof identifying oper
ation nameswith CSPchannelss not fol-
lowed,channelsiregivenanindependent,
rst classrole. This allows the commu-
nicationsand control topology of a net-
work of objectsto be designedorthogo-
nally to their classstructure. The CSP
channelmechanisnis the only (dynamic)
way to passinformation betweenobjects
asthe stateof objectsis encapsulatety
hiding all updateevents.

3.1 De ning operations

The operationschemds the basictool for
describingstatechangein TCOZ. In or-
derto allow treatmentof timing issuesin
schemade nitions, a distinguishedden-
tier isintroducedto representhe du-
ration of the statecalculationsperformed
by the operation.When doesnotappear
in the de nition of an operation,the de-
fault interpretatioris thattherebeno con-
strainton thedurationof the operational-
thoughindividualspeci cationdocuments
may chooseto adopta different corven-
tion.

Althoughthe schemds the basictool, the
true power of TCOZ comesfrom the abil-
ity to makeuseof Timed CSPprimitives
is describinghe processaspect®f anop-
erations behaiour. All operationde ni-

tionsin TCOZ arein fact Timed CSPpro-
cesdle nitions, with operatiorschemde-
ing given the syntacticstatusof terminat-
ing Timed CSPprocesses.

As an example, considerthe speci ca-
tion of the Add operation(seeFigure 4)
of the timed-collectionexample. The ac-
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tual state-changellowed by the opera-
tion schemaemainsunchangedrom the
Timed Object-Z version, but the timing
characteristicsof the operation are ex-
pressedby the condition ta, rather
thannow now t,.

__Add
mems
e X
t

ta
mems
psti

t. mems t, e

Add e X f

left e@; Add

Figure 4. add operation

SinceTCOZ operationgreidenti ed with

terminatingCSPprocessest is naturalto

allow their de nition in termsCSPprimi-

tives,suchaseventsequencingaswell as
throughthe schemacalculus.The novelty
of thefull TCOZversionof Addliesin the
adoptionof CSP primitivesin its de ni-

tion. Iteminputsarecommunicatedo the
Add operationalonga channelleft. This
de nition of Addsaysthataftertheparam-
etere hasbeeninputonchanneleft attime
tj, the state-calculatioldd is performed.
Severalaspect®f TCOZ name-spaceon-
ventionsareraisedby this de nition.

Firstly, obsere that the parameter® and
ti occurin Add with Z-style input dec-
orationsand in Add without them. In
TCOZ the cornventionis adoptedthat the
true nameof all parameterss the undeco-
ratedversion.In anoperationschemathe
and decorationg@reusedsolelyto dis-
tinguishbetweerinputsandoutputsor the
purpose®f de ning thebindingsemantics
of the operation. This is analogougo the
corventionof usingprimedandunprimed
versiondoindicatethe nal andinitial val-
uesof a stateattribute. In fact, all param-
etersaretreatedin the sameway as state
attributes,with the exceptionthat stateat-
tributesare availablein every nameervi-
ronmentin a classde nition. The reason



