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Abstract. We presert a new combination CSP-OZ-DC of three well re-
searded formal techniques for the specication of processes,data and
time: CSP [17], Object-Z [36], and Duration Calculus [40]. The emphasis
is on a smooth integration of the underlying semartic models and its
use for verifying properties of CSP-OZ-DC speci cations by a combined
application of the model-cheders FDR [29] for CSP and UPPAAL [1]
for Timed Automata. This approach is applied to part of a casestudy
on radio controlled railway crossings.
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1 Intro duction

Complex computing systemsexhibit various behavioural aspects such as com-
munication between componerts, state transformation inside components, and
real-time constraints on the communications and state changes.Formal speci -
cation techniquesfor such systemshave to be able to describe all theseaspects.
Unfortunately, a single speci cation technique that is well suited for all these
aspectsis yet not available. Instead one nds various specialisedtechniquesthat
are very good at describing individual aspects of system behaviour. This ob-
senation hasled to researt into the combination and sematrtic integration of
speci cation techniques. In this paper we combine three well researdied speci -
cation techniques: CSP, Object-Z and Duration Calculus.

Communicating Seguential Processes(CSP) were originally introduced by
Hoare in [16] and deweloped further in [17]. The certral conceptsof CSP are
synchronous communication via channels between di erent processesparallel
composition and hiding of internal communication. For CSP a rich mathemat-
ical theory comprising operational, denotational and algebraic semartics with
consistency proofs has been deweloped [30]. Tool support comesthrough the
FDR model-cheder [29]. The name stands for Failure DivergenceRe nement
and refersto the standard semaric model of CSP, the failures divergencemodel,
and its notion of processre nement.
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Z wasintroducedin the early 80'sin Oxford by Abrial asa set-theoretic and
predicate languagefor the speci cation of data, state spacesand state transfor-
mations. The rst systematic description of Z is [38]. Since then the language
has been published extensively (e.g. [39]) and used in many casestudies and
industrial projects. In particular, Z schemasand the schema calculus enable a
structured way of presening large state spacesand their transformation. Object-
Z is an object-oriented extension of Z [36]. It comprisesthe conceptsof classes,
inheritance and instantiation. Z and Object-Z come with the concept of data
re nement. For Z there exist proof systemsfor establishing properties of speci -
cations and re nements suc asZ/EVES [31] or HOL-Z [19]. For Object-Z type
chedkers exist. Veri cation support is lessdeveloped except for an extension of
HOL-Z [32].

Duration Calculus (DC for short) originated during the ProCoS (Provably
Correct Systems) project [13] as a new logic and calculus for specifying the
behaviour of real-time systems[40,12]. It is basedon the notion of an obsenable
obs interpreted as a time dependen function obs : Time ! D for somedata
domain D. A real-time systemis described by a set of such obsenables.This links
up well to the mathematical basisfound in classicaldynamic systemstheory [20]
and enablesextensionsto cover hybrid systems.Duration Calculus was inspired
by the work on interval temporal logic [23,24] and thus speci es interval-based
properties of obsenables.Its name stemsfrom its ability to specify the duration
of certain statesin a giveninterval usingthe integral. By choosingthe right set of
obsenables, real-time systemscan be described at various levels of abstraction
[28,26,33,4]. Verication support for the general DC is provided by [35,14]
using theorem provers, and for a more specialisedapplication of DC by [6] using
a translation into timed automata for model-chedking with UPPAAL [1].

It is well known that a consistert combination of di erent speci cation tech-
niques is dicult [18]. Very popular is currently UML, the Unied Modeling
Language([2]. It collects all the widespreadspeci cation techniques for object-
oriented systemsin one language. There is even an extension UML-RT [34]
intended to cover real-time systems.However, a closer examination shows that
this extensionis just able to deal with reactive systems.A problem with UML
is the so far missing semartic basisfor this huge language.lt is still a topic of
ongoing researt to provide a semarics for suitable subsetsof UML.

We believe that the best chancesfor a well founded combination are with
speci cation techniques that are well researtied individually. An example of
a clear combination of two speci cation techniques is CSP-OZ [8,9]. In this
paper we extend CSP-OZ by the aspect of cortinuous real-time. This is done
by combining it in a suitable way with DC. The resulting speci cation language
we call CSP-OZ-DC. The paper is organised as follows. Section 2 introduces
the main constructs of CSP-OZ-DC. Section 3 describes the semartics of the
combination. Section 4 shows how this semartics can be utilized for a partially
automatic veri cation of properties of CSP-OZ-DC speci cations, and applies
this approad to an example of a radio controlled railway crossing.Finally, we
concludewith section 5.



2 The Combination CSP-OzZ-DC

In this section we intro duce the new combined formalism with some examples
taken from a casestudy of radio cortrolled railway crossings, seeFig. 1. The
main issuein this study is to remotely operate points and crossingsvia radio
basedcommunication while keepingthe safety standard.
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Fig. 1. Casestudy: radio controlled railway crossings

Fig. 2 surveysthe cortroller architecture for a small part of this casestudy
dealing with the safety of a level crossing. The diagram shows seweral compo-
nents connectedby communication channels.We discussherethe crosscontroller
whose purposeis to securethe crossingupon requestsissuedby trains via the
radio controller. We considera multi-trac k level crossingwhere a requestcan be
made for eadh track with the set communication. A requestcan be withdrawn
at any time via the clear communication. The crosscortroller starts its securing
cycle when at least one requestwas given. It cortinuesthrough that cycle even
if the requestis withdrawn at a later time. When the crossingis securedit can
communicate secured events to all requestedtracks. When the train passesthe
crossinga wheel counter will notice that and trigger the passe&l communication.
When no more requestsare pending the crossingcan be released.

Wheel coun ter Radio controller

requested trac ks@ set, clear: Track
secured: Track

passal: Track v
Cross controller

setgate, getgate: UpDown setlight: Light

Gate Ligh ts

Fig. 2. Controller architecture

! This casestudy is part of the priorit y researth program \In tegration of speci cation
techniques with applications in engineering” of the German Researd Council (DF G)
(http://tfs.cs.tu-berlin.de/pr ojekt efin dspec/SPPind ex.ht ml).



To specify the crosscontroller sewveral conceptsmust be handled, asdescribed
in the following. The crosscortroller communicateswith other componerts, e.g.
the radio controller. The order of these communications can be easily speci ed
with CSP using mutually recursive processequations. The main equation is
distinguished by the processidenti er main. For the crosscortroller we have

main = assignel | setlightlyellow ! setlight!red
! setgatddown! getgatedown! Secure
Secure = secured?t | Secure
2 free! setgatdup! setlightto ! getgateup
I wait ! main

The symbol £ is used instead of an ordinary equalssymbol to distinguish be-
tweenCSP processequationsand Z equations. The communication assigna will

be local and enabledonly when a requestfor the crossingis pending (seeFig. 3).

The crossingis securedin three steps: switch on rst the yellow and then the
red light, and afterwards close the gate. Next the processwaits for a conr-

mation getgate.downform the gate that it is indeed closed. Then the crossing
has reached a securestate and its further behaviour is modelled by the process
Secure. Here it waits until all requestsare either clearedor the corresponding
train has passedthe gate. Afterwards the gate opens again and the lights are
switched o .

The crosscortroller should work for multi-trac k crossings.It therefore needs
to remenber the set of requesta tracks Handling such data and state informa-
tion can be easily done with Object-Z (OZ). The state spaceis denoted by an
unnamed schema:

r : PTrack

The initial state is described by an Init schemalike this:
Init

Fr:?

When a communication evert like set is received from the radio cortroller, the Z

state needsto be updated. In CSP-OZ it is very easyto link a data operation to

a communication by writing a Z-schemawith the name comset specifying the

operation assaiated with that communication ever:

__comset
(r)

t?: Track

t?262x A r0=r[ ft2g

The in the rst line of this schema declaresthat this operation may (only)
changer. The next line declaresa parametert, decoratedwith ? to signify that



t is an input parameter. Notice that this naming convention of Z corresponds
nicely with the naming converntions of CSP: the output of t along channel set
syndironiseswith the input of t in the Z schema. In Z a state transformation
is expressedby a predicate relating the state before and the state after the
transformation. The secondstate is distinguished from the rst oneby decorating
it with a prime. In this casethe predicate statesthat the elemen t? is addedto
the setr of requestedtracks.

For embeddedcortrollers another important aspect are real-time constraints.
In our casestudy we want communication everts to occur within certain time
bounds. On the other hand, someevents must not occur too early. This means
we needtimed progressand stability constraints. For specifying suc real-time
constrains,we usethe Duration Calculus (DC). In DC state assertionsP describe
time dependent properties of obsenablesobs : Time ! D. Duration terms
describe ipterval-basedreal values. The nameof the calculus stemsfrom terms of
the form P measuringthe duration of a state assertionP, i.e. the accunulated
time that P holdsin thg consideredinterval. The simplest duration term is the
symbol ~ abbreviating 1 and thus denoting the length of the given interval.
Duration fognulae F;G describe interval-based properties. For example, dPe
abbreviates P = "~ > 0andthusspecies that P holds (almost) everywhere
on a non-point interval. Sequetiial behaviour is modelled by the chop operator
\ ;" the formula F ; G speciesthat rst F andthen G holds. The formula 3 F
abbreviatestrue; F; true and thus expresseghat on somesubinterval F holds.
The dual 2 F abbreviates: 3: F andthusstatesthat F holdson all subintervals.

A subsetof the DC are the so-calledimplementablesdue to [27], which make
use of the following idioms wheret 2 Time:

F ! dPe == 2:(F; d:Pe [followed-by]
Fl dPe== (Fr =1t) | dPe [leads-td
F 1" dPe == (F~" t) ! dPe [up-to]
Intuitiv ely, F ! dPeexpresseshat whene\er a pattern givenby the formula F

is obsened, it will be \follo wed by" an interval where P holds. In the \leads-to"
form the pattern is required to have a length t and in the \up-to" form it is
bounded by a length \up to" t.

In this paper we also considervariants of the above formulae where we ched
an evert ev by courting its number of occurrences:

F | G== F ~ dct(ev) = ne | G " dct(ev) > ne

ev

For the crosscortroller we require for examplethe progressconstraint

den(assigna)e b druee

assigned

stating that whenewer the communication assignel is enabledit hasto occur
within 1 second.As an examplefor a stability constraint considerthe DC formula

d: en(setlight:red)e; den(setlight:red)e 4 den(setlight:red)e



stating that the setlight:red communication should stay enabled for at least 4
secondsbeforeit can actually occur.

The basic building block in our combined formalism CSP-OZ-DC is a class.
Its syntax is as in CSP-OZ [8,9] except for the new DC part: seeFig. 3 for
the complete speci cation of the CrossContoller class. First, the communica-
tion channelsof the classare declared. Every channel has a type restricting the
values that it can communicate. There are also local channelsthat are visible
only inside the classand usedfor the interaction of the CSP, Z and DC parts.
Second,the CSP part follows; it is given by a systemof (recursive) processequa-
tions. Third, the Z part is given which itself consistsof the state space,the Init
schema, and communication schemasspecifying how the state changeswhen the
corresponding communication evert occurs. Finally, below a horizontal line the
DC part is stated.

To describe architectures as in Fig. 2 classescan be combined into larger
speci cations by CSP operators like parallel composition, hiding and renaming.

3 Semantics

Each classof a CSP-OZ-DC speci cation denotesa time dependert process.In
this sectionwe describe how to de ne this processin a transformational way.

3.1 Semantics of the constituen ts

We begin by recalling the semartic domains of the constituent speci cation

techniques. The standard semartics of untimed CSP is the F D-semartics based
on failures and divergence[30]. A failure is a pair (s;X) consisting of a nite

sequenceor trace s 2 seqComm over a set Comm of communications and a so-
called refusal set X 2 PComm. Intuitiv ely, a failure (s; X) describesthat after
engagingin the trace s the processcan refuseto engagein any of the commu-
nications in X . Refusal setsallow usto make ne distinctions betweendi erent
nondeterministic processbehaviour; they are essetial for obtaining a compo-
sitional de nition of parallel composition in the CSP setting of synchronous
communication when we want to obsene deadlocks. Formally, we de ne the sets

Traces== seqComm and Refusals== P Comm;
Failures== Traces Refusals

A divergene is a trace after which the processcan engagein an in nite sequence
of internal actions. The F D-semantics of CSP is then given by two mappings

F :CSP! PFailures and D : CSP! PTraces:

For a CSP processP wewrite FD[P] = (F[P]; D[P]): Certain well-formedness
conditions relate the values of F and D (see[30], p.192). The F D-semartics



Track == 0::1
Color = o jyellow jred
UpDown ::= up j down

___CrossController

chan set; clear ; passel; secured : [t?: Track]

chan setlight : [color! : Color]

chan setgate: [status! : UpDown]

chan getgate: [status? : UpDown]

local _chan assignel; free; wait

main £ assignel ! setlightlyellow ! setlight!red

| setgatddown ! getgatedown! Secure

Secure £ secured?t | Secure
2 free! setgatdup ! setlightlo ! getgateup
I wait ! main

_Init _comsecured
r : PTrack r=-2 t?: Track
comset __ _comclear t?2r
() ()
t?: Track t?: Track
_compassel
t? 62 t?2r (r)
ro=r[ ft2g r®=rnft?2g t?: Track
t?2r
_comassignal _comfree r®=rnft2g
re? r=72

(den(assignal)e .f diruee) ~ (den(free)e t diruee)
assigned free

den(setlight:yellow)e t diruee
setlight :yel low

d: en(setlight:red)e; den(setlight:red)e * den(setlight:red)e
den(setlight:red)e 7 dtruee

setligﬁt ‘red
d: en(setlight:o )e; den(setlight:o )e 't den(setlight:o )e
den(setlight:o )e f dtruee

setlight :o
d: en(setgatedown)e; den(setgatedown)e 12 den(getgatedown)e
den(setgatedown)e i dtiruee

setgaté :down

den(setgateup)e t diruee

setgate :up
d: en(wait)e; den(wait)e T den(wait)e
den(wait)e E!i diruee
wal

Fig. 3. A multi-trac k level crossing



induces a notion of processre nement denoted by v - ;. For CSP processesP
and Q this relation is de ned as follows:

Pvep Qi F[P] F[Q] and D[P] DI[Q]

Intuitiv ely, P v ., Q meansthat Q re nes P, i.e. Q is more deterministic and
more de ned than P.

Instead of the negative information of refusal setsone can also use positive
information about the future processbehaviour in terms of so-calledacceptance
sets For a trace s an acceptanceset A 2 PComm describesa set of communi-
cations that are possibleafter s. The set of all initial communications after s is
the largest acceptanceset after s. Acceptancesetsare due to Hennessyand De
Nicola [15,25]who developed an approac to testing of processeshat resultedin
a processmodel equivalert to the failures divergencemodel but with acceptance
setsinstead of refusal sets. Acceptancesetssatisfy certain closureproperties (see
[15], p.77). For example, they are closedunder union. Formally, let

Acceptane@s == P Comm
and A be the processsemartics
A :CSP! P(Traces Acceptanes)

based on acceptancesets instead of refusal sets. AD -semartics is the process
semariics basedon A and D. We write AD [P] = (A[P] ; D[P]) for a CSP
processP. Then the following proposition on processre nement can be proved:

Prop osition 1. Pv., Qi A[P] A[Q]andD[P] DIQI

Thus we do not loseany processinformation by taking acceptancesetsinstead
of refusal sets. Sincefor our approach to veri cation will be basedon acceptance
sets, we shall represen here the semarics of untimed CSP on A and D.

Object-Z (OZ) describesstate spacesas collections of typed variables, say x
of type Dy, and their possibletransformation with the help of action predicates
A(x;x9, for examplex® x + 1, wherethe decorated version x° represerts the
value of x after the transformation. The languagecomeswith the usual notion
of data re nement [39].

Duration Calculus (DC) speci es properties of obsenables obs interpreted
as nitely varying functions of the form obs : Time ! D for a continuous
time domain Time and a data domain D. Finitely varying meansthat obs can
assumeonly nitely many di erent valueswithin a nite time interval [12]. When
modelling real-time systemsin DC, re nement boils down to logical implication.

3.2 Untimed semantics of CSP-OZ classes

The untimed semartics of the combination CSP-OZ is de ned in [8,9]. The idea
is that eath CSP-OZ classdenotesa processin the semartic model of CSP. This



is achieved by transforming the Z part of such a classinto a CSP processthat
runs in parallel and communicates with the CSP part of the class.
Considera CSP-OZ class

U

I [interfacq
L [local channel}
P [CSPpart]
z [Z part]

alsowritten horizontally asU & spec| L P Z end with a Z part of the form

Y4
st [state spacé
Init (st) [initial condition]

::com_c(st;in 2, out!; st9:::
[one communicationschemafor eachc in | or L]

where the notation com_c(st;in?; out!; st indicates that this communication
schema relates the state st to the successoistate st® and has input parameters
in? and output parametersout!.

The Z part of the classis transformed into a CSP processZMain de ned
by the following system of (parametrised) recursive equations for ZPart using
(indexed) CSP operators for internal choice(u) and alternativ e composition (2 ):

ZMain = U ZPart (st)

st With nit (st)

ZPart(st) = 2 ¢in | or L: in?: Inputs(c)

with 9out! : Outputs(c); st® com_c(st;in ?; out!;st9
‘in?-out! !
U outt - Outputs(c): st® cin?out! ! ZPart (st%
with com_c(st; in ?; out!; st9

Informally, ZMain can start in any state st satisfying Init (st). Then ZPart (st)
is ready for every communication evernt c:in?:out! along a channelc in | or L
wherefor the input valuesin ? the communication schemacom_c(st; in ?2; out!; st
is satis able for someoutput valuesout! and successostate st° For given input
valuesin ? any sud out! and st can be internally chosento yield c:in ?:out! and
the next recursive call ZPart (st9. Thus input and output along channelsc are
modelled by a subtle interplay of the CSP alternativ e and choice.
ZMain runs in parallel with the explicit CSP processP of the class:

procy = P [j Events(l [ L) j] ZMain

Here the parallel composition synchroniseson all events in | and L. In [8,9] the
semartics of the classU is then de ned by

FDJU] = FDJ[procy NEvents(L)]



whereall everts alonglocal channelsL are hidden. Hiding in untimed CSP makes
communications occur autonomously without delay. Thus hiding can causenon-
determinism and divergence.

By the above processsemartics of CSP-OZ, the re nement notion v . is
immediately available for CSP-OZ. One of our guidelinesfor combining spec-
i cation techniquesis re nement compositionality, i.e. re nement of the parts
should imply re nement of the whole. For CSP-OZ this is shown in [9]:

Theorem 1. Processre nement Py v 5 P2 implies re nement in CSP-OZ:
specl LP;Zend v, specl L P,Zend

Data re nement Z; v Z, for a re nement relation R implies re nement in
CSP-OZ:

spec| LP Zyend v, specl LP Z,end

3.3 Timed semantics of CSP-OZ-DC classes

The semartic idea of the combination CSP-OZ-DC is that ead classdenotesa
timed process.To this end, we lift the semarics of CSP and OZ onto the level
of time dependent obsenables. In the timed setting the behaviour of internal
actions has to be studied carefully. We distinguish betweeninternal actions
inherited form the untimed CSP setting and internal wait actions induced by
hiding communications with a certain timing behaviour. Whereas internal
actions do not take time and can thus be eliminated in accordancewith the
F D-semartics, possibly inducing nondeterminism or divergence,internal wait
actions let time passbeforethe next visible communication can occur. Whereas
anin nite sequenceof actionsis equivalent to divergence,an in nite sequence
of wait actions is equivalent to deadlock.

For simplicity, we do not considerthe casewherethe untimed part diverges.
Thus the semariics of CSP-OZ-DC will assaiate with ead speci cation of the
combined languagea timed processconsisting of a set of time dependent traces
and time dependert acceptances:

Atime :CSP-OZ-DC! P((Time ! Traces) (Time ! Acceptanes))

For a CSP-OZ-DC speci cation S its semariics Atime [S] will be described by a
DC formulain the obsenablestr and Acc interpreted as nitely varying functions

try : Time ! Traces and Acc :Time ! Acceptanes:

This DC formula denotesthe set of all interpretations of tr and Acc that make
the formula true; thus it will be identied with Atime [S]-

We explain the details rst for a CSP-OZ-DC classC, which augmerts the
untimed CSP-OZ classU by an additional timing part T expressedn DC:



U [untimed component§

[DC part]

We shall also expand C horizontally into
Chspecl LPZT end

The semartics of C is obtained by taking the CSP processprocy de ned for the
CSP-0OZclassU but interpreting it in the setting of the time dependen observ-
ablestr and Acc, and then conjoining it with the time dependert restrictions
expressedn the DC part T . Sinceprocy is still an untimed processijts sematrtics
in terms of tr and Acc will allow any time dependert behaviour. More precisely,
giventhe untimed acceptancesemarics of procy assumedto be divergencefree,

Alprocy ] : P(Traces Acceptanes) with Dfprocy] = ?;

we de ne its timed semartics asthe DC formula
Atime [procy], Fu " F1 ™ F2”™ F3

in the obsenablestr and Acc with subformulae Fy ;F; F3 given asfollows:
Fu :2d(tr;Acc) 2 Afprocy Je

requiresthat the valuesof the obsenablestr and Acc are takenfrom the untimed
acceptancesemartics of procy .

F1:de_ dir = hie true
requiresthat initially the trace is empty.
F,:28h;h® (h6 ho” dir = he dtr = h%)) 9c;v h®= ha Icuvi

requiresthat the trace can only grow and that one communication event occurs
at a time. The modality 2 quanti es over all subintervals of a given time in-
terval, and ; is the chop operator of interval temporal logic usedin DC [40,12].
The subformula dir = he; dir = h% holds in any time interval where on a rst

non-point interval tr assumeghe value h and on a secondnon-point interval the
value h®. By F,, h®candier from h only by onecommunication evernt. Together
with the restriction to nite variabilit y, we thus require that only nitely many
communication events occur within a nite time interval and that one commu-
nication event occursat a time. Consequetly in our semanics a non-zerotime
passeshetweensuccessie events. Finally,

Fs:28h;c;v (dtr = he, dr = h @ hoivie)
(dir = he” (true; dcv 2 Acce)); dir = h @ hcivie)



requiresthat every communication c:v can occur only with prior appearancein
an acceptanceset.

Only the DC part T canactually restrict this behaviour in atime dependert
manner. To this end, T has limited accessto the obsenablestr and Acc via
the expressionsct(X ) and en(X) where X is a set of communication everts. By
de nition,

‘ ct:PComm! N
| 8X :PComm ct(X)= #(tr BX)

Thus ct(X) counts the number of occurrencesof events from X in the trace tr.
Next

‘ en:PComm! B
‘ 8X :PComm en(X), X Acc

Thus en(X) records whether all events from X can be accepted next. It is
for this de nition of enablednessthat acceptancesets are easierto use than
refusals. This motivated our choice of the semartic represeration. For a single
communication evernt c:v we write ct(c:v) and en(c:v) instead of ct(f c:vg) and
en(f c:vg). Using these expressionswe can specify timing constraints for the
visible communications.

Altogether the semariics of the timed classC is given by the formula

ATime [C]I, hide L (FU NEJNF,NFgA T)

where all communications along the local channelsin L are hidden. For a DC
formula F in the obsenablestr and Acc we de ne

hide L F, 9tro;Acco ((de_ dir = squashtro B L) » Acc = Accopnle) »
F [tro=tr ; Acco=Acc])
Thushide L F isaDC formula in the obsenablestr and Acc, and their values

are linked via the substitution F[tro=tr ; Acco=Acc] to the original valuesof these
obsenablesin F. It describesthe timed semartics of the CSP hiding operator.

3.4 Timed Semantics of System Specications

System speci cations S are obtained by combining classspeci cations with the
CSP operators for parallel composition, hiding and renaming. Thus a typical
speci cation could be of the form

S = (C1[R1] k Co[R2]) nL:

The parallel composition k can be modelled by an alphatetised parallel 5 kg
where A and B are the sets of interface events of C;[R;] and C;[R2]. For DC



formulae F; and F, in the obsenablestr and Acc the semariics of the parallel
composition can be expressedsimilarly to [33], by the following DC formula:

Fi aks F2, 9trq;try; Accy; Accy; Acco
((de_dir 2 sedA[ B)~tr A=tryMtr B=trp”"
Acco\ (A[ B)=2 17
Acc = (Accy \ Acc,\ A\ B) |
(Accy nB) [ (Accz nA)e) A
F1[tra=tr ; Acci=Acc] M Fa[tro=tr ; Acca=Acc])

Hiding, denotedby nL, is usedto make the communication events in L internal.
Sematriically, hiding is de ned using the operator hide L F introduced above.
Renaming, denoted by [R] for a relation R between everts, is usedto rename
communication events. The semartic de nition is straightforward.

The re nement relation betweenclassesor betweenspeci cations of the same
interface is modelled by (reverse)logical implication in the semartic domain: a
classC, re nes a classCj, abbreviated by

Civ Cy, if Atime [C2]) Atime [Ci]
holds. We show that re nement compositionality holds also for CSP-OZ-DC.

Theorem 2. (a) Processre nement Py v, P, implies re nement in CSP-
0Z-DC: specl LP;ZTend v specl LP,Z T end

(b) Data re nement Z; v 5 Z, for a re nement relation R implies re nement in
CSP-Oz-DC: specl LP Z; Tend v specl LP Z, T end

(c) Time constraint re nement T, ) T3 implies re nement in CSP-OZ-DC:
spec| LPZTiend v specl LP ZT,end

Pro of. Statemerts (a) and (b) are immediate consequencesf Theorem 1 and
the monotonicity of Fy w.r.t. re nements of the untimed classU. Statemert
(c) follows from the conjunctive form of Atime [C1. 2

By this theorem, it is possibleto reuseveri cation techniques for the com-
ponerts of a CSP-OZ-DC speci cation to prove re nement results for the whole
speci cation. However, when the desired property of the whole speci cation de-
pendson the sematriic interplay of the componerts, more sophisticated veri ca-
tion techniquesare needed.In the following we develop one suc a technique.

4 Verication

We exploit the above style of semartics for a partially automatic veri cation of
properties of CSP-OZ-DC speci cations that satisfy the following restrictions:
the CSP part represerts a nite-state process,the OZ data typesare nite, and
the DC part obeyscertain patterns described below. Then the ideais as follows.
GivenaclassC b spec!| L P Z T end we proceedin four steps:



(1) Represen the untimed processU = spec | L P Z end in FDR-CSP, the
input languageof the FDR model-cheder [29,11] for CSP.

(2) Usethe FDR model-chedker to output a transition systemTSy for U with
acceptancesets.

(3) Transform this transition system TSy into a timed automaton Ac repre-
serting all the timing restrictions of the DC sematrtics.

(4) Verify properties of the classC by applying the model-chedker UPPAAL [1]
to Ac.

Step(1) follows an approadc of [10]. While steps (1) and (4) currently require
user interaction, steps(2) and (3) proceedfully automatic.

The DC patterns for timing restrictions that can be handled in step (3)
are new variants of the DC implemertables [27] intro duced next. An event set
X appearing as a subscript of the chop operator or the followed-by operator
(cf. section 2) indicates that an event from X happens at the corresponding
chop point. Formally:

F;G== (F " dct(X) = ne); (G dct(X) > ne)
X
F )i( G== (FAdt(X)=ne) | (G~ dct(X) > ne)
The following formula statesthat while a stability constraint applies, everts from

the set X must not happen:

F 1I' G== (FAdet(X)=ne !' (G det(X) = ne)

A tool for step (3) developed by C. Ohler supports the following DC patterns:

dPe);( dQe j{ dRe [chop-leads-td
dP e);< dQe :{: dRe [chop-up-td
dQe )i( dRe [leads-td
dQe :!Yt dRe [up-to]

Heret 2 Time and P; Q; R are state assertions.The evert setsX ;Y areoptional
and canbe omitted. Also the upperboundt in the up-to formulas canbe omitted.
The tool implements an algorithm that applies given DC formulae of the
above patterns one after the other to transform the transition system produced
in step (2) into atimed automaton. As an examplewe shaow in Fig. 4 the pseudo
codefor the leads-topattern. In step 1 the algorithm addsa new clock to measure
the time the transition system stayed in a Q-state without executing an evert
from X . While being in a Q-state this clock must not grow beyond t because
otherwise the DC formula would be violated. Therefore we add in step 2 a
corresponding state invariant to all Q-states. The clock needsto be resetwhen
a Q-state is entered from outside (step 3.a) or when an event from X occurs



Pattern: dQe I dre

X
1. Introduce newclock c
2. Toall states s 2 Q add invariant c t
3. For each transiton tr : s 9 s°do:

a. if s 62Q; s° 2 Q
add reset ¢ = 0 to tr
b.if s 2 Q;s"2 Q; ev2 X
add reset ¢ = 0 to tr

c. if s 2 Q; (s°62R _ ev 62X)
addguard ¢ < t to tr

Fig. 4. Algorithm for the leads-to pattern

and the control staysin Q (step 3.b). All outgoing events that do not lead into
an R-state or do not communicate an event from X must happen beforetime t
has elapsed.Therefore a corresponding guard is added in step 3.c .

Besidesenriching the transition systemgeneratedby FDR our tool alsoadds
a timed supervisor automaton running in parallel. The supervisor serves two
purposes: rst, it ensuresthat { in agreemen with the DC semariics de ned in
section 3.3 { a non zero time passesbetween successie evernts, and second, it
hides the local channelsthat should not be visible to other processes.

4.1 Case Study

We now apply the above veri cation procedure to the casestudy introduced
in section 2. The result of the manual step (1) is given in Fig. 5. It shows the
FDR-CSP speci cation using the input languageof the FDR model-chedker and
represerting the CSP and Z part of the combined crosscortroller speci cation
in Fig. 3. The represenation of the constart declaration, the channel declaration
and the CSP part is straightforward. Only at a few locations the syntax needs
to be adapted to FDR. The transformation of the Z part into a CSP process
ZPart was described in section 3.2: ZPart takesthe complete Z state, herer,
as a parameter. It o ers an external choice over all communications that had
corresponding Z schemasin the original speci cation. For readability we applied
some simpli cations to this part. The CSP and Z part are put in parallel and
syndhronize over their common alphabet.

The next two steps are performed automatically by our tool. In step (2) it
usesthe FDR model-cheder to create a compact nite transition system from
the speci cation of Fig. 5. The result is sketched in Fig. 6. The graph contains
40 states and 160 transitions. To make it more readable not all transitions are
labelled. The whole graph is shaped as a cycle that corresponds to the cyclic
behaviour of securingthe crossingand releasingit.

Every CSP state is expandedinto four substatescorresponding to the four
possiblevaluesof the variable r in the Z part. A closerview of the top left part of
the graph is givenin Fig. 7. The passa transitions are still omitted; they arein
the sameplacesasthe clear transitions. Note that the initial state (the top most



-- Constants

Track = {0..1}

datatype Color = off | yellow | red
datatype UpDown= up | down

-- Channels

channel set, clear, secured, passed : Track
channel setlight : Color
channel setgate, getgate : UpDown

channel assigned, free, wait

-- Class CrossController
CrossController =
let
-- CSPpart
main = assigned -> setlight!yellow -> setlight!red
-> setgate!ldown -> getgate!ldown -> Secure
Secure = secured?t -> Secure
[ free -> setgatelup -> setlightloff -> getgatelup
-> wait -> main

-- Z part
ZPart(r) =
[ t : diff(Track, r) @sett -> ZPart(union(r, {t})))
0 @ t:r @cleart -> ZPart(diff(r, {th)
0 @ t:r @passedt -> ZPart(diff(r, {th)
0 @ t:r @securedt -> ZPart(r))
I r!'={ &assigned -> ZPart(r)
0 r={ &free -> ZPart(r)

within  -- Put CSPand Z part in parallel
main [| {| secured, assigned, free |} |] ZPart({})

Fig. 5. FDR-CSP speci cation for the crosscontroller

in the detailed graph) hasno outgoing assignel transition. This is becausethe Z
part blocks this transition whenr is empty. Sinceall transitions are deterministic
in our casestudy, every state has only one acceptanceset, which cortains all
outgoing everts.

In step (3) the DC formulae are applied one after the other. For eady DC
formula a new clock is introduced and new guards and resetsare added to the
transition. The tool starts with the rst DC formula

den(assignel)e _? druee :
assigned

This is an instance of the leads-to pattern. The states where en(assign&) holds
are only the three statesin Fig. 7 that have an outgoing assignel transition.
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Fig. 6. Transition system generated by FDR

wait

wait

wait
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assignel " “assignal
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Fig. 7. Detailed view of the transition system



Thus only the transitions depicted in the detailed view are changed. Applying
the algorithm in Fig. 4 yields the timed automaton depicted in Fig. 8.

wait

) c:=

inv:c t t wait
c:=
wait

y invic t 7
assignel assignel
assignal
y

Fig. 8. Timed automaton resulting from the rst DC formula

After applying all DC formulae step (3) terminates with a timed automaton
represerting the complete CSP-OZ-DC class. Altogether the algorithm adds 12
clocks and a lot of resetsand guards. Sothe completegraph is not easilyreadable
but we can verify that certain properties hold with the model-cheder UPPAAL.

4.2 Mo del-Chec king

We considerthe following real-time property: Whenewer a train requestsa track
and it does not clear the request or passesthe crossingit can get a secured
communication within a certain time t. We wish to determine the exact value
of t experimertally.

To verify this property we build a test automaton. This is a small timed
automaton that communicateswith the crosscontroller over someof the channels
we de ned in our CSP-OZ-DC speci cation. As the identity of the track does
not matter, we assumethat our test automaton deals with track 0. Therefore
we link it over the set:0, clear:0, passe:0 and secured:0 communication evens.
We instruct the tool to hide all other communications, so that they can occur
at any time.

The test automaton is givenin Fig. 9. In its initial state idle the automaton
is able to communicate any event. When communicating set:0 it resetsa clock
c_waiting and switches to the busy state. In this state it waits until it can



communicate secured:0. Then it returns to the idle state. This automaton is put
in parallel with the crosscortroller.
set:0; c_waiting := 0
clear:0 #

passel:0

secured:0 idle busy
secured:0

Fig. 9. Test automaton

We ask UPPAAL whether for all reachable states the test automaton is in the
idle state or its clock is smallerthan t, wheret is an integer constart. This query
can be expressedn the UPPAAL syntax as follows:

Property; , A2 TestAutomaton:idle or c_waiting < t

Applying this to the crosscortroller, UPPAAL quickly generatesa counter exam-
ple shawing that the property doesnot hold. The trace contains the CSP everts
soit is possibleto compareit to the CSP-OZ-DC speci cation. It turns out that
the property is violated becausewe do not have enough progressconditions.

We needthe assumptionsthat the gate will actually closeor open within a
certain time bound, say 15 seconds,and that the train will actually receive the
secured communication within a certain time. Note that these are assumptions
about the environment of the controller. However, for simplicity we add them
to our speci cation. The formulae we add are:

den(getgatedown)e P druee

getgaté :down

1|5
den(getgateup)e setge diruee

ate :up
den(secured:0)e b druee
secur ed:0
Now we can run UPPAAL again to ched Property; for dierent valuesof t. If
we choosea value for t smallerthan 75 UPPAAL nds a counter examplewithin
a few seconds.For t = 75 the property is satis ed.

4.3 Exp erimen tal Results

The table in Fig. 10 givessometimings for thesesteps. The times were measured
on an UltraSPARC-I1 with 296 MHz. Steps(2) and (3) of the veri cation pro-
cedureare quite fast. For the crosscortroller step (2) needslessthan a second,
and step (3) needsl:8 secondgo apply the twelve DC formulae from the original

speci cation plus the three formulae from the ervironment to the transition sys-
tem generatedby step (2). Model-cheding in step (4) is most time consuming
when no counter example exists, this is the reasonfor the di erence in the last
two columns. For t = 74 there is a counter example, but for t = 75 UPPAAL

hasto investigate the complete state space.



Consider now a larger systemwith more tracks. Adding a track doublesthe
Z state spaceand thus the resulting automaton states, and it yields almost three
times as many transitions. As shown in Fig. 10, the stepstake more time by a
factor betweentwo and three.

Number of| step (2) | step (3) step (4) step (4)
tracks ‘ with t = 74‘ with t = 75

2 0.3 1.8 16.4 1662

3 0.4 3.6 43.5 4379

4 0.6 10.4 101.5 10979

Fig. 10. Verication time (in seconds).

5 Conclusion

Related work. Closestto our way of combining speci cation techniquesis Real-
Time Object-Z [37]. Classesin this combination look similar to ours but lack
the CSP and DC part. As we have seenin the casestudy, the CSP part is
cornvenient for specifying sequencingconstraints on the communications everts.
Furthermore, CSP o ers parallel composition and hiding that can well be used
for the structuring of larger CSP-OZ-DC speci cations. In Real-Time Object-Z
the timing properties are speci ed in an interval-based set-theoretic notation
[7]. We also use an interval-basedapproach but in terms of the well researted
Duration Calculus [40,12]. The semariics of Real-Time Object-Z is given in
terms of time dependert traces [37] whereaswe consider also time dependert
acceptancegdue to the presenceof CSP.

Another related work is TCOZ, a combination of Timed CSP [3] with Object-
Z [21,22]. Obviously, DC is not involved in this combination. Sothe constructs
of Timed CSP are usedto specify time dependenciesbetween communications.
Besidesthis di erence, the semartic integration of CSP with Object-Z di ers
from ours. In TCOZ an Object-Z operation schema denotesa processwhereas
in CSP-OZ-DC it speci es the e ect of a communication evernt on the state.

Veri ¢ ation. We have shavn how to exploit the transformational semartics
of CSP-OZ-DC for a partially automatic veri cation of properties of combined
speci cations. To this end, we have developed a novel, systematic transformation
of CSP-OZ-DC classesinto timed automata that can be model-cheded by the
UPPAAL tool. This posesthe question whether the timed automata semarics
produced by the algorithm described in section 4 is equivalent to the DC se-
mantics of section 3. A proof of such an equivalenceis left for future work. We
notice, however, that similar equivalence proofs betweentimed automata and
DC semartics are givenin [5].

Perspectives. Automatic veri cation works only for nite data typesin the Z
part and certain patterns of timing constraints in the DC part. For in nite data
and more general DC formula one will needinteractive veri cation techniques.



In this paper the DC part restricts only the timing of the communications.
In generalone would also like to restrict the timed behaviour of the classstate.
To this end, we pursue the idea that the current state of the Z part is made
obsenable by a special communication.

Acknowledgement. Christian Ohler implemented the algorithm transforming
FDR transition systemsand DC patterns into UPPAAL timed automata.
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