ARealTimeProcessLogic

J.C.M. Baeten

Department of Computing Science, Eindhoven University of Technology,

P.O.Box 513, 5600 MB Eindhoven, The Netherlands

J.A. Bergstra

Programming Research Group, University of Amsterdam,

Kruislaan 403, 1098 SJ Amsterdam, The Netherlands

a n d

Department of Philosophy, Utrecht University,

Heidelberglaan 8, 3584 CS Utrecht, The Netherlands

R.N.Bol

P.O.Box 513, 5600 MB Eindhoven, The Netherlands

S y s t e m s c a n b e d e s c r i b e d a t v a r i o u s l e v e l s o f a b s t r a c t i o n : a u t o m a t a , p r o c e s s e s a n d

behavior. In this paper, we take the ready trace set as a description of the behavior of a

process, and we present a ready trace model of symbolic (untimed) and real time process

algebra. We argue that, especially in the real time case, properties of ready trace sets are

b e s t f o r m u l a t e d i n a d e d i c a t e d l o g i c ( a s o p p o s e d t o d e s c r i b i n g t h e m i n a n e n r i c h e d

process notation, such as ACP

�).We present the syntax and semantics of a logic that

could serve this purpose, and we apply it on two examples: expressing the correctness of

a concurrent alternating bit protocol, and demonstrating the (well-known) non-existence of

so-called coordinated attack protocols. A connection is made with the metric temporal logic

of Koymans.

1980 Mathematics Subject Classification (1985 revision):

68Q55, 68Q45, 68Q10.

1987 CR Categories:

F.1.2, F.3.1, D.1.3, D.3.1.

Key words & Phrases:

ready trace, process algebra, real time, process logic, coordinated

attack protocol.

N o t e :

The first two authors received partial support from ESPRIT Basic Research Action

7166, CONCUR2. The second author also received partial support from ESPRIT Basic

Research Action 6454, CONFER.

INTRODUCTION

.Computingsystemscanbedescribedatvariouslevelsofabstraction:automata,processesandbehavior.

Trace theory is the name for a collection of semantic models for the design, description and analysis of

systems,inwhichthebehaviorofasystemisdescribedbyasetofexecutiontraces,orinitialfragments

of such traces. A trace encodes a possible behavior of the system by a finite or infinite sequence of

atomic actions, possibly augmented with additional information. In this paper, we concentrate on ready

t r a c e s

( s e e S e c t i o n 2 . 1 ) . W e d e f i n e s y m b o l i c ( u n t i m e d ) a n d r e a l t i m e r e a d y t r a c e s . B y d e f i n i n g

o p e r a t o r s o n t r a c e s e t s , w e o b t a i n a l g e b r a s o f p r o c e s s r e a d y t r a c e s e t s t h a t a r e m o d e l s o f c e r t a i n

versions of ACP [B

EK84], [B

AB91].

Wearguethat,especiallyintherealtimecase,propertiesofreadytracesetsarebestformulatedina

dedicated logic. An alternative would be the description of a property by a characteristic process. This

alternative is attractive in the untimed case, using a hiding operator (i.e., an operator that abstracts from

internal actions). However, in the real time case, defining a good hiding mechanism is hard, if at all

possible:itisusuallydesirabletohideapartofthetiminginformation,butnotallofit.

2J.C.M. Baeten, J.A. Bergstra & R.N. Bol

W e p r o p o s e a b e h a v i o r a l p r o p e r t y l o g i c c a l l e d R T L ( R e a d y T r a c e L a n g u a g e ) . I t s s y n t a x a n d

semanticsarecloselyrelatedtoreadytracetheory.WecomparetheexpressivityofRTLwiththemetric

temporal logic of K

OYMANS

[KOY89a,b]. Two large examples are presented to show how RTL can be

used. In the first example, we state the correctness of a concurrent alternating bit protocol. Our hope is,

that RTL can also be helpful in proving such a correctness claim. The second example demonstrates

how the logic can help in proving the non-existence of so-called coordinated attack protocols (which

was proved on the ground of epistemic considerations in [H

AM90]). We conclude by listing some

shortcomings of the logics, thus pointing out topics for further research.

A

CKNOWLEDGEMENTS .

We thank J.F. Groote (Utrecht University) for discussions and helpful suggestions on section 6. We

thank J. Katoen and R. Koymans (Philips Research) for suggesting examples from industry.

1.CONCEPTUALABSTRACTION

.We need some explicit philosophical considerations in order to develop a robust terminology that will

survive the embedding in a broader context. We cannot possibly provide a general ontology of objects

and mechanisms that are used and/or needed in a theory of programming languages, systems and

methods. So only a fragment of the relevant notions will be mentioned. Unavoidably, besides being

incomplete,ourdiscussionwillbesimplifiedandthereforeimprecise.

1.1 L

EVELS OF ABSTRACTION .

S y s t e m s a r e d e s c r i b e d a t v a r i o u s l e v e l s o f a b s t r a c t i o n . T h e m o s t b a s i c d i s t i n c t i o n , o n w h i c h w e

elaborate in the rest of this section, is the distinction between automata, processes and behavior. We

shallcallthisthe conceptualabstractionhierarchy

.ItslevelsaredirectlycomparabletotheNets,Terms

and Formulas of [O

LD91].

Withineachlevelinthishierarchy,therearedifferentdimensionsandlevelsof technicalabstraction .

Asanexample,oneofthesedimensionsisthetreatmentoftime,wherewecandistinguish(fromlowto

highabstraction):realspace/time,realtime,discretetimeandsymbolic(untimed).Wherenecessary,we

canidentifyintermediatelevelsaswell.

Withoutaimingatcompleteness,welistthefollowingdimensionsoftechnicalabstraction:

¥ treatmentoftime,

¥ treatmentofsilentsteps,

¥ treatmentofdivergenceandfairness,

¥ probabilistic vs. non-probabilistic,

¥ choice abstraction (as described in [vG

L90] for processes).

1.2 A

UTOMATON .

Anautomatonortransitionsystemisaclassofstatesequippedwithatransitionrelation.Transitionsare

labelledwithso-calledactions.Labels(attributes)ofstatesarecalledsignals.

Automata represent the lowest level of (conceptual) abstraction in system description needed in this

d o c u m e n t . A u t o m a t a e x i s t i n m a n y l e v e l s o f ( t e c h n i c a l ) a b s t r a c t i o n e . g . w i t h a n d w i t h o u t r o o t s ,

termination states, deadlocks, time stamps, probability assignments on transitions, fairness conditions

o n p a t h s e t c . A f o r m a t t h a t a l l o w s o n e t o p r e s e n t a u t o m a t a i s o f t e n c a l l e d a p r o g r a m n o t a t i o n .

Operational semantics will assign an automaton to a program. Of course the program notation will

reflectthetechnicallevelofabstractionatwhichtheautomataaretobetreated.

Arealtimeprocesslogic

31.3 P

R O C E S S .

A process is an abstraction of an automaton. At this level of conceptual abstraction, information about

states is hidden wheras information about actions is kept. Important is that a process will (in general)

haveanoperationalsemanticsandallowsimulation(butnotnecessarilyimplementation).Aformatthat

allows one to describe processes can be called a process notation. In general, one expects the existence

of an algorithm that returns a simulator, when given a term in process notation. Processes are usually

shapedasequivalenceclassesofstatesofautomata.

1.4 B

EHAVIOR AND BEHAVIORAL PROPERTY .

A behavior is a (conceptual) abstraction of a process. Seen as an abstraction of an automaton, it hides

e v e n m o r e i n f o r m a t i o n a b o u t t h e s t a t e s p a c e t h a n a p r o c e s s . T h e u s u a l s h a p e o f a b e h a v i o r i s a

collection (satisfying certain natural closure conditions) of traces of (system) paths in an automaton all

startinginthesameroot.Thedifferencebetweenapathandatraceisthatapathcontainsallinformation

of the states that are visited whereas a trace will abstract (to some extent) from this intermediate state

information.

A behavioral property is a collection of traces or a logical description of such a collection in some

appropriate logical format. The main difference between a behavior and a property is that a property

neednotsatisfyanyclosureconditions.Aformat(logic)thatallowstospecifypropertiesmaybecalled

apropertynotation.

We will concentrate on one behavioral property logic in this paper, called RTL

¤ (RTL for Ready

Trace Language, and

¤ for real time). This logic provides primitive properties for traces. Using a

convention for the implicit presence of a trace variable and a temporal variable, each formula of RTL

¤canbeinterpretedasasetoftraces(atthecorrespondingleveloftechnicalabstraction).

2.TRACETHEORY

.It may be useful to explain why in our view trace theory is a necessary tool in the systems design and

analysis area. Trace theory complements process algebra based on bisimulation semantics by being

more abstract and allowing a full exploitation of the expressive power of linear time temporal logic. In

addition, trace theory allows a very flexible expression of system properties related to f a i r n e s s

. The

tracetheoryisequippedwithseveraloperatorsnotpresentinACP.Wemention:

1 .

f�air merge (see Section 4.1.3);

2 .

f�leftfairmerge;

3 .

�frightfairmerge;

4 .

˘¿x exportfrom xalltracesthatsatisfythetemporallogicformula

˘(seeSection5.9);

In Parrow’s thesis [P

A R85], an operator similar to

˘ ¿ x has been defined on the bisimulation

model.Probably,alloperatorsmentionedabovecanbedefinedonsomeappropriatehomomorphicpre-

image of the bisimulation model. The fair merge operators disappear in the real time case, because they

refertothefairnessofarbitraryinterleaving,andrealtimeinterleavingisnotarbitrary,butgovernedby

time.Yetthe

˘¿xoperatorcanstillbeusedtoexpressfairnessinthiscase.

There is a extensive literature about system description in terms of their set of traces. We mention a

few treatments: [B

RO92], [V

IN90], [M

EY85].

2.1 D

ECORATED TRACES .

Themaindegreeoffreedominthedevelopmentoftracetheoriesliesintheadditionaldecorationofthe

traceswithinformationonhowacomputationcouldhaveproceededinalternativeways.InEindhoven,

starting with [R

EM83], a group of researchers has developed a form of trace theory using undecorated

4J.C.M. Baeten, J.A. Bergstra & R.N. Bol traces. Many theoretical results have been found (e.g. [S

NE85], [K

AL86]) and significant applications

concerningintegratedcircuitdesignandverificationaswellasfoundationaladvancesintheconceptsof

selftimed and delay insensitive systems have been obtained (e.g. [U

DD86], [E

BE89], [B

ER92]).

In [B

RHR84] and [O

LH83], two forms of decorated trace theory have been introduced: failure set

semantics and ready set semantics. This work provided a basis for theoretical CSP, a language that has

been a platform for many subsequent studies (e.g. [H

O A85]). Quite related to this work is the refusal

sets model of Phillips [P

HI87] and work by [H

DN84] on testing.

In [P

N U85], the barbed wire model was proposed. This is a decorated trace theory, in which for

each action, the set of actions that a process might have done alternatively, is recorded. In [B

ABK87] a

similar model was proposed under the heading of a ready trace set model. Both proposals originate in

the observation that for certain system construction techniques (e.g. broadcasting, priority mechanism),

the distinguishing power of Rem’s trace theory or that of [B

RHR84] is not sufficient.

This paper proposes a version of trace theory that uses the ready trace set model of [B

ABK87], but

slightly modified in order to accommodate a precise account of fairness and liveness and to support a

mixed term formalism that exploits linear time ready trace logic as a system construction primitive

(Section 5.9). Our contribution is a systematic development of a version of a trace theory for the syntax

of ACP [B

EK84] and its real time version of [B

AB 9 1 ] . I n p a r t i c u l a r , w e c a n d e v e l o p a p p r o p r i a t e

property languages RTL (Ready Trace Logic) compatible with ACP. No novelty lies in any of the

semantic techniques, but our ready trace theory provides a selfcontained explanation of a language for

processdescription,aswellasapreferredsemanticmodel.

3.READYTRACESETS

.We present two versions of the theory:

untimed (symbolic) ready traces and real time ready traces . A

third version, discrete time ready traces can be easily derived on the basis of the information we give.

Throughoutthepaper,let

Abeaset,whoseelementswillbeusedasatomicactions,andlet

¶�A.

3.1 S

YMBOLIC READY TRACES .

The collection of symbolic ready traces over

A, RTs(A), consists of the functions f:•�B

(where

• is

the ordinal of the natural numbers), with

B={�,¶}fi{(U,a):U“A,a£U}

, that meet the following

conditions:

¥ f(n)=�f(n+1)=� terminatedtrace

¥ f(n)=¶�f(n+1)=¶ deadlockedtrace.

The

(U, a) are called r e a d y p a i r s .

W e p u t R T * f o r t h e s e t o f a l l f i n i t e s e q u e n c e s o f r e a d y p a i r s .

Concatenation

*isdefinedonfiniteandinfinitesequencesintheusualway.

Wecallareadytrace

�terminating ifthereis nwith�(n)=�

,deadlocking nwith�(n)=¶ .

Wecallareadytraceset

Vreadyclosed if�§£RT*,U“A,a,b£U,”£RT s(A)[§*(U,a)*”£V�”’£B•(§*(U,b)*”’£V)](i.e., if

Vcontains a trace that shows that an action b is ready after

§, then

V contains also a trace that

indeedtakestheaction bafter§).

Wecallareadytraceset

Vtimedeterministic if�,”£V[�(0)=(U,a)�”(0)=(U’,a’)�U=U’]

(i.e.,alltraceshavethesamereadysetbeforetheirfirstaction).

A processreadytraceset isareadytracesetthatisreadyclosedandtimedeterministic.

Arealtimeprocesslogic

53.2 R

EAL TIME READY TRACES .

For the description of real time ready traces, we need one extra symbol ª, denoting undefinedness (see

5.5.3). RT

¤(A), the collection of real time ready traces over

A, consists of the functions f:R‡0 � B+,

with

B+={�,¶,ª}fi{(U,a):U“Afi{wait},a£U}

,withtheconditions:

¥ f(t)=�s>tf(s)=� terminatedtrace

¥ f(t)=¶�s>tf(s)=¶ deadlockedtrace

¥ f(t)=ª�s>tf(s)=ªtracewithundefinedtail

¥ f(0)=(U,a)�a=wait noactionat0.

If f(t)=(U,a)

, we put f(t)1=U,f(t)

2 = a. Otherwise, these notions are undefined.

Wecallareadytrace

�terminating if there is twith�(t)=�

,deadlocking twith�(t)=¶

,eventuallyundefined ifthereis twith�(t)=ª .

Wecallareadytraceset

Vreadyclosed if�”£V�r£

R‡0�U“Afi{wait}�a,b£U

[”(r)=(U,a)�”’£V”’(r)=(U,b)�s<r”’(s)=”(s)]

(i.e., if

Vcontains a trace that shows that an action b is ready at time r, then

V contains also a trace that

deviatesfromthepreviousoneexactlybytakingtheaction battime r).

Wecallareadytraceset

Vtimedeterministic if�,”£V�r£

R‡0(�s<r�(s)

2=”(s)2=wait)�(�(r)

1=”(r)1�(r)=�”(r)=�)

Vcontains two traces that have only waited until r, then they have the same ready set at r(unlessoneofthemterminated);thustheyhavenotmadeanychoicebyjustwaiting.)

Wecallareadytrace

�sufficientlydefined if�t£R‡0(�(t)=ª�{t’<t|�(t’)=(U,a)�a›wait} isinfinite)

(i.e., a trace can only be eventually undefined after an infinite number of actions). A ready trace set is

sufficientlydefinedifallitstracesaresufficientlydefined.

Wecallareadytraceset

Vrightclosed if�W“V�t

1�t2‡t1(inparticularalso t2=�)

( (

�,”£W

(�t

<t1�(t)=”(t)�

�t£[t

1,t2)

(

(�s£[t1,t)�(s)2=”(s)2=wait)�(t)

1=”(t)1))�t£[t1,t2)�£W�s£[t1,t)�(s)2=wait)

�

(�£V

(�t£[t

1,t2)�(t)2=wait�

�”£W (�t

�t£[t

(�s£[t

1,t)”(s)2=wait�(t)

1=”(t)1))))

(i.e., if a process can wait until a time arbitrarily close to t2, then it must contain a trace that can wait

until (but not including) t2. This also holds for a �subprocess� of

V: a subset

Wof traces of

Vthat are

t h e s a m e u n t i l t i m e t1, a f t e r w h i c h t h e y o b e y t i m e - d e t e r m i n i s m ) . S e e S e c t i o n 4 . 2 . 2 f o r f u r t h e r

explanation.

A process ready trace set is a ready trace set that is ready closed, time deterministic, sufficiently

definedandrightclosed.

6J.C.M. Baeten, J.A. Bergstra & R.N. Bol

3.3 D

ISCRETE TIME READY TRACES .

In this case, the collection of discrete time ready traces consists of the functions f: • � • � B+

, as in

Section 3.2.

f(n, k) stands for action number k in time slice n. Definitions can be adapted from the

previous cases.

4.ANALGEBRAOFPROCESS

READYTRACESETS

.Let':Afi{¶}�Afi{¶}�Afi{¶}

be a commutative and associative function with

'(¶,a)=¶ for all a£

Afi{¶}

.' is called a communication function

, and

'(a, b) represents the action that results if a and boccur simultaneously. Let

PRTS be the class of process ready trace sets. As we only deal with the

behavior of processes (i.e., their ready trace set) in this paper, we will usually call a process ready trace

set a process .

4.1 S

YMBOLIC READY TRACE ALGEBRA .

4.1.1 O

P E R A T O R S .

Inthesymboliccase,wedefinethefollowingoperatorson

:

¥ a~£PRTSfora£A¥¶~,0£PRTS¥+,ø,�:PRTS�PRTS�PRTS

¥Ĥ:PRTS�PRTS for H “ A

¥ˇ†:PRTS�PRTS for † a partial ordering on

Abusingnotation,wewilloftenwrite

¶insteadof ¶~

and a instead of a~

.

4.1.2 I

N T E R P R E T A T I O N .

Theinterpretation[.]oftheseoperatorsisasfollows:

¥

[0]=˚.¥[¶~]={¶•}.¥[a]~ = {({a}, a)

*�•}.¥[x+y]=fi{�+rt”:�£[x],”£[y]}

,where�+rt”=

{”} if�(0)=¶

{�} if ”(0) = ¶

{�,”} if �(0) = � or ”(0) = � and the other not ¶

{(UfiV,a)

*�’,(UfiV,b)

*”’}if�=(U,a)

*�’,”=(V,b)

*”’.¥[xøy]={�ørt”:�£[x],”£[y]},where(�ørt”)(n)=

�(n) if �(n) › �

”(n - k) ifn‡k,�(k)=�,�m<k�(m)›�.

Arealtimeprocesslogic

7¥[x�y]={�g

rt

”:�£[x],”£[y],g:•�{0,1,2}

�and�(|{k<n:g(k)£{0,2}}Ø)=(U,a),”(|{k<n:g(k)£{1,2}}Ø)=(V,b),g(n)=2�

'(a,b)›¶}, where,puttingk1=Ø{k<n:g(k)£{0,2}}Ø,k

2=Ø{k<n:g(k)£{1,2}}Ø,(� g

rt

”)(n)=

� if�(k1)=”(k

2)=�

¶ if�(k1)=¶,”(k

2)£{¶,�} or”(k2)=¶,�(k

1)£{¶,�}

(U, a) if�(k1)=(U,a),”(k

(V,b) if�(k1)£{¶,�},”(k

2)=(V,b)

(Z,a)

2)=(V,b),g(n)=0

(Z,b)

2)=(V,b),g(n)=1

(Z, '(a, b))

2)=(V,b),g(n)=2

Inthelastthreecases,wehave

Z=UfiVfi{'(a,b):a£U,b£V,'(a,b)›¶} .

¥

[Ĥ(x)] = {^

H,rt(�) : � £ [x]

a n d

�(n) = (U, a) � a £ H � U “ H}

, where if for some k < n,

^

H,rt(�)(k)=¶,

thenĤ,rt(�)(n)=¶.Otherwise,wehavethefollowing3cases:

Ĥ,rt(�)(n)=

(U-H, a) if�(n)=(U,a),a�H

� if �(n) = �

¶ if�(n)=¶ or�(n)=(U,a),a£H.

¥[ˇ†(x)]={ˇ†,rt(�):�£[x] and�(n)=(U,a)�b£Ub>a}, wherě†,rt(�)(n)=

�(n) if�(n)£{�,¶}

({u£U:�b£Ub>u},a) if�(n)=(U,a).

WecanshowthatthesedefinitionsturnthesetofprocessreadytracesetsintoamodelforACP,the

Algebra of Communicating Processes of [B

EK84], [B

AW90]. The addition of the priority operator

g i v e s a m o d e l f o r A C P

ˇ, A C P w i t h p r i o r i t i e s o f [ B

AB K 8 6 ] , [ B

AW 9 0 ] . T h e z e r o p r o c e s s w a s

introduced in [B

AB90]. In addition, we sometimes have occasion to use conditional operators, viz.

xØ˘� y meaning if̆ then xelse y, and

˘ :� x meaning x(else

¶). On trace sets, it is

straightforward to define these operators.

4.1.3 F

AIR MERGE .

Nowwedefinetheextraoperators:

xf�y={� g

rt

”:�£x,”£y,�n�k,m>ng(k)£{0,2}�g(m)£{1,2}}

x f�y={� g

rt

”:�£x,”£y,�n�k>ng(k)£{0,2}}

x� fy={�g

rt

”:�£x,”£y,�n�k>ng(k)£{1,2}} .

Noticethat xf�y=xf�y�x�fy.� The function

g describes a �scheduler� for the processes xandy: ifg(n)=0

, then only x can take a step; if g(n)=1 ,

then only y can take a step, and if g(n) = 2

, then both can take a step, resulting in communication. If one of the processes

is terminated or in deadlock, then we can always take

(this seems counterintuitive, but it facilitates the definition

of the fair merge).

8J.C.M. Baeten, J.A. Bergstra & R.N. Bol

4.2 R

EAL TIME READY TRACE

ALGEBRA .

4.2.1 O

P E R A T O R S .

Intherealtimecase,wedefinethefollowingoperatorson

PRTS :

¥

U: PRTS �

R‡0fi {�}

( ultimatedelay

;�denotesinfinitedelay:

sup(R‡0)).

¥ a(t),¶(t)£PRTS fora£A,t£R‡0fi{�}¥0£PRTS¥+,ø,�:PRTS�PRTS�PRTS

¥Ĥ:PRTS�PRTS for H “ A

¥ˇ†:PRTS�PRTS for † a partial ordering on

Afi{wait}

¥�V:(V�PRTS)�PRTS forV “R‡0 (instead of

�V´v.x(v)

, we write

�v£V̊x(v)) .

¥

�:R‡0�PRTS�PRTS

¥�:PRTS�

R‡0�PRTS4.2.2 I

N T E R P R E T A T I O N .

Theseoperatorshavethefollowinginterpretation[.](where a,brangeover

Afi{wait}).

¥U(x)=sup{t£

R‡0:�£[x]�t’<t�(t’)

2=wait}

¥[0]=˚.¥[¶(t)]={�}, where�(s)=

({wait}, wait) fors<t

¶ fors‡t.¥[a(t)]={�},

({wait}, wait)

({a}, a) fors=t

� fors>t.Inparticular,

[¶(�)]=[a(�)]={�}, where forall s:�(s)=({wait},wait).

¥[x+y]={�’:�£[x]fi[y] and�r(�”£[x]fi[y]:(”(r)›¶�t<r”(t)

2=wait)�

�(r)=¶�t<r(�(t)=¶�(t)

2=wait))}, where�’(r)=(U,a) if�(r)2=a,�s<r�(s)

2=wait andU=fi{”(r)

1:”£[x]fi[y] and�s<r”(s)

�’(r)=�(r) inallothercases

.¥[xøy]={�ø rt”:�£[x],”£[y] and�r(�(r)›�wait£(”(r)

1)�”(r)2=wait},where(�ørt”)(r)=

�(r) if �(r) › �

”(r) if�(r)=� and�t<r(�(t)=�”(t)

2=wait)

¶ if �(r) = � and�t<r(�(t)›�”(t)

2›wait).

¥[x�y]={� and�r(�(r)=(U,a)�”(r)=(V,b)�a,b£A�'(a,b)=¶�

wait�UfiV�c£U�d£V'(c,d)=¶)}

,where

(�rt”)(r)=

¶ if�(r)=¶ or”(r)=¶ or�t†r�(t)=(U,a),”(t)=(V,b),a,b£A,'(a,b)=¶

ª if�(r)=ªor”(r)=ª

”(r)

Arealtimeprocesslogic

9�(r)if ”(r) = �

(Z,a) if �(r) = (U, a)

,”(r)=(V,wait)

(Z,b) if�(r)=(U,wait),”(r)=(V,b)

(Z, '(a,b)) if�(r)=(U,a),”(r)=(V,b),a,b£A,'(a,b)›¶

Inthelastthreecases,wehave

Z=UfiVfi{'(a,b):a£U,b£V,'(a,b)›¶} .

¥

[Ĥ(x)]={^

H,rt(�):�£[x]

and�r(�(r)=(U,a)�a£H�U“H)}

,wherêH,rt(�)(r)=

�(r) if�(r)£{�,¶,ª} and�t<r(�(t)=(U,a)�a�H)

(U-H, a) if�(r)=(U,a) and�t†r(�(t)=(U,a)�a�H)

¶ if�t†r�(t)=(U,a) anda£H.¥[ˇ†(x)]={ˇ

†,rt(�):�£[x]

and�r(�(r)=(U,a)�b£Ub>a)}, wherě†,rt(�)(r)=

�(r)

({u£U:�b£Ub>u},a) if�(r)=(U,a).

¥[�v£V̊x(v)]={�’:�£fiv£V[x(v)]fi[¶(sup{U(x(v)):v£V}]

and�r(�”£fi v£V[x(v)]:(”(r)›¶�t<r”(t)

2=wait)�

�(r)=¶�t<r(�(t)=¶�(t)

2=wait))}, where�’(r)=(U,a) if�(r)2=a,�s<r�(s)

2=wait andU=fi{”(r)

1:”£fiv£V[x(v)]and�s<r”(s)

2=wait}

�’(r)=�(r) inallothercases

.¥[t�x]={t�:�£[x],�s†t(wait£(�(s))

1�(�(s))2=wait)},where(t�)(r)=

({wait}, wait) ifr<t

¶ ifr‡t,�s†t(�(s)=(U,a)�wait�U)�(s)=¶

�(r) ifr‡t,�s†t�(s)

2=wait.

¥[x�t]={�t:�£[x]}

(�t)(r)= �(r)

¶ ifr‡t,�s<t�(s)

1={wait}

�(r) ifr‡t,�s<t�(s)£{¶,ª,�} or�(s)=(U,a),a›wait

W e c a n s h o w t h a t t h e s e d e f i n i t i o n s t u r n t h e s e t o f p r o c e s s r e a d y t r a c e s e t s i n t o a m o d e l f o r

A C P

¤I(A), the Real Time Process Algebra with integration of [B

AB91]. The addition of the priority

operator was discussed in [B

AB92b].

The reason for adding the trace

[¶(sup{U(x(v)) : v £ V}], when considering the integral, is, that

otherwise the definitions would give us e.g.

a(1)ø�1<t<2 b(t) + a(1)ø

�1<t<3b(t) = a(1)ø

�1<t<3b(t),which

seems undesirable. Namely, all traces of

�1<t<2b(t)would have to do

ab-step before time

2, thus no

trace could signal that b is no longer ready at time

2. The addition of

¶(2) solves this problem, and also

makes the trace set of

�1<t<2b(t)right closed. On the other hand, adding

¶(2)

to�1<t†2b(t)makes no

difference

,because italreadyhasatrace

�with�(t)2=wait forallt<2and�(2)=({b},b) .

In this way, we also avoid

�t>0¶(t) = 0,

which would mean

^{r,s}( (i(1)øs(2) + j(1)) �

�t>0r(t) ) =

i(1)øc(2) in a context with

'(r,s) = c.

( C o m p a r e w i t h S e c t i o n 8 : i t s h o u l d n o t b e p o s s i b l e t h a t a

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

component of a system, that decides internally whether or not to send a message, is forced to send one

onthegroundthatanothercomponentiswaitingtoreceiveit.)

4.2.3 T

IME STOPS

,Z E R O P R O C E S S .

In the light of the definitions above, we can reexamine the remarks on closed and open time stops in

[B

AB92b]. First notice that we have both kinds of time stops, i.e.

¥ opentimestop

¶(t)definedabove

¥ closedtimestop

¶

�

(t) definedby ¶

�

(t)(s) = ({wait}, wait) for s † t

¶

�

(t)(s) = ¶ fors>t.In our setting, these are distinct processes. However, we get different results than in [B

AB92b] as to

howwecandefineclosedtimestopsinthesyntax.Wefind

ˇ†(�t>1å(t)) = 0

ifwait † a, so this does not give a closed time stop as surmised in [B

AB92b]. On the other hand, the obvious

generalisationofthedefinitionofmergewillgive

�r>t̊¶(r) = ¶

�

(t).

W e a l s o s e e t h a t t h e z e r o p r o c e s s o f [ B

AB 9 0 ] c a n e m e r g e b y a p p l i c a t i o n o f p r o c e s s o p e r a t o r s .

Therefore, we included it in our process syntax.

4.3 D

ISCRETE TIME READY TRACE ALGEBRA .

Along the same lines as above, we can define a discrete time variant. This will yield an algebra that is a

modeloftheDiscreteTimeProcessAlgebraof[B

AB92a].5.REALTIMEREADYTRACE

LANGUAGE

.We proceed by giving the syntax and semantics of the primitives of a language describing symbolic,

respectively real time ready trace sets. Both versions are parametrised by the set of atomic actions

A.A

discrete time version can be constructed similarly. We study the real time ready trace language in more

detail.

5.1D

EFINITION

(symboliccase).Let

�beasymbolicreadytrace.

�sat a(n)

�(n)=(U,a) for some

U “ A

� sat R(a, n)

�(n)=(U,b) forsome

U“A,a,b£U

�

sat�(n)

�(n) = �

�

sat¶(n)

�(n)=¶.

Arealtimeprocesslogic 1 1 5.2DEFINITION

(realtimecase).Let

�bearealtimereadytrace.

�sat a(t)

�(t) = (U, a) for some

U“Afi{wait}

(In particular, if

�satwait(t)

, then the system does not perform an action at t.)�sat R(a, t)

�(t)=(U,b) forsome

U“Afi{wait},a,b£U

(In particular,

�satR(wait,t), thenthesystemneednotperformanactionat t.)�sat�(t)

�(t) = �

�

sat¶(t)

�(t)=¶

�

satª(t)

�(t)=ª

5 . 3 D

E F I N I T I O N

. W e c a n n o w d e f i n e s y m b o l i c a n d r e a l t i m e r e a d y t r a c e l a n g u a g e , R T L

(A) a n d

R T L

¤(A) respectively. In the symbolic case, the time domain is

N, in the real time case, the time

domainis

R‡0

.Theselanguageshavefortheirrespectivetimedomains:constantsforallobjects,atotal

ordering<andbinaryoperators

+,ø,

ø

—, and in the real time case

/.Furthermore, we have the following

constructors from standard predicate logic:

�, �, � , �, �

(quantification can be over the time domain,

the set of atomic actions

A, or parts thereof). The semantics of all these language constructs is the

standardone.Inthiswayweobtainanexplicittimetemporallogic.Forsimilarlogicssee[K

OY89a].

Notethatwehavesomefreedominchoosingoperatorsonthetimedomains.Otherchoicesresultin

different languages with different expressive powers.

5.4D

EFINITIONS

.LetVbearealtimereadytracesetand

˘aclosedRTL formula.

Vsat˘iffforall

�£V:�sat˘.RTS¤(A,˘)={�£RT¤(A)|� sat˘}.5.5 EXAMPLES

. We present some examples of meaningful RTL formulas.

5.5.1 S

OME PROPERTIES THAT MIGHT REFLECT CONSTRAINTS FROM THE HARDWARE .

1 .

�t�a£Aa(t)�s<t�u(s†u†t�R(a,u)) .

This says that an action can only be performed if it has consistently been enabled during some time

intervaljustprecedingthetimeoftheaction.

2 .

�t�d£Dr i(d)(t)�s£(t+c-«,t+c+«)s j(d)(s) .

Thisformulaassertsthatdatareadat iwillbereturnedat jwithadelay cwithmargin «.

3 .

i(d)(t)�s£(t,t+c)�e£D�R(r i(e),s).Thismeansthatafteraninputat iadelayofatleast cmustberespectedbeforeanewinputistaken.

5.5.2 A

X I O M S .

The following formulas (where a,b range over

A fi {wait}

) are satisfied by all ready trace sets. We

mightthuscallthemaxioms(withoutsuggestingthattheyplayaspecialroleinsomeproofsystem).

�s,tt<s�(¶(t)�¶(s)�(t)�(s)�ª(t)�ª(s))

�ta(t)�R(a,t)

�ta(t)�b(t)�a=b

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

�t¶(t)�R(a,t)

�t�(t)�R(a,t)

�tª(t)�R(a,t).

5.5.3 A

CLASSIFICATION OF TRACES .

Atrace

�isaboundedactionfrequencytrace if�sat�t£R‡0[(�s<t�r£(s,t)�a£Aa(r))].

(Thisformulasaysthatthereisnotimepoint t,suchthataninfinitesequenceofactionsoccurs,having tasthelimitoftheirtimepoints.)

Atrace

�isaZenotrace if�sat�t£R‡0[(�s<t�r£(s,t)�a£Aa(r))]�

�t£

R‡0[(�s<t�r£(s,t)�a£Aa(r))�ª(t)].

(

Thereisexactlyonelimitpoint t,afterwhichthetraceisundefined.)

Atrace

�isasupertasktrace if�sat�t£R‡0[(�s<t�r£(s,t)�a£Aa(r))�ª(t)].

(Thetracecontinuesafteralimitpoint.)

Notice that this defines three disjoint sets of traces: each trace either has bounded action frequency,

or is Zeno or supertask. A set of traces has bounded action frequency if all traces it contains have

boundedactionfrequency(butseeSection8.6),andasetoftracesiscallednon-supertaskifalltracesit

contains either have bounded action frequency or are Zeno.

Usually, we consider non-supertask trace

sets only.

5.6 D

I S C U S S I O N

. [K

O Y89a] states in section 5.3 (page 73) that syntactical abstractness imposes the

restriction to specify message passing systems solely in terms of their input and output actions. It turns

outthatthedecisiontorestrictthespecificationlangaugetoasyntacticallyabstractoneisbothclarifying

andmathematicallyrewarding.

We adhere to Koymans’ criterion of syntactical abstractness by restricting the languages RTL as to

use a,R(a)

(wait in case of real time),

�, ¶, ª only.

Notice that message passing systems are a special kind of processes. Therefore some compromise

with Koymans’ requirement on syntactical abstractness is to be expected. We think that our extension

of the admitted propositions with readies, termination, deadlock, undefinedness and error captures a

meaningfulversionoftheconceptofsyntacticalabstractnessfortemporaldescriptionformalismsinour

specificcontext.

Now in contrast to [K

OY89a], we have added to the languages RTL natural numbers and booleans

and various common operators. This makes these languages more complex than Koymans allows but

on the other hand provides them with a uniform logical complexity. We maintain that even these

extensions are consistent with Koymans’ request for syntactical abstractness because the additional

mechanismsaresocompletelystandardinmathematics.

5.7 P

ROPOSITION

. It is not decidable whether RTS

¤(A,˘) is ready closed.

P

ROOF:Considerthereadytraces

�,”givenby:

¥

�(t)=({wait},wait)(t<1),�(1)=({a,b},a),�(t)=¶(t>1);

¥”(t)=({wait},wait)(t<1),”(1)=({a,b},b),”(t)=¶(t>1).

Arealtimeprocesslogic 1 3 Noticethatthereadytraceset

{�,”} isreadyclosed,butthereadytraceset

{�}isnot.Nowlet

˘(x)bea

R T L

¤(A) formula with natural number variable x such that

˘(n) is not decidable. Moreover, choose

formulas

˘�,˘”suchthatRTS

¤(A,˘�)={�},RTS¤(A,˘”)={”},e.g.˘�»R(a,1)�R(b,1)�a(1)�b(1)�t<1wait(t)�t>1¶(t)�

�t<1�c£A�R(c,t)�c£A(c›a�c›b�R(c,1)).

Nowwecandefine

·(x)»˘�(˘(x)�˘

”),andwefindthat

RTS

¤(A,·(n)

)isreadyclosed

�˘(n) istrue.

Sincethelatterstatementisundecidable,theformeristoo.

5.8 R

EMARK

. The fact that basic aspects of RTS

¤(A,˘), such as ready closure, are not guaranteed and

�evenworse�notdecidable,justifiesthatthelanguageRTL

¤(A)iscalleda propertylanguage ratherthan

aprocessdescriptionlanguage(orinprogramminglanguageterminology:aprocessnotation).

So we distinguish between process notations such as ACP

¤I (A) and property notations such as

R T L

¤(A). S e m a n t i c a l l y , b o t h d e t e r m i n e s u b s e t s o f R T S

¤(A), the difference being that a process

notationwillalwaysdenoteareadyclosed,timedeterministicandrightclosedtraceset(i.e.,aprocess).

It should be noted that in the untimed case, a property notation can often be found very close to the

p r o c e s s n o t a t i o n . A t y p i c a l p r o p e r t y n o t a t i o n i s

�I(X) = Q

. T h i s a s s e r t s o f p r o c e s s

X t h a t a f t e r

abstraction from steps in I (i.e. turning

X-actions in I into silent ones)

X becomes equal to process Q.

In principle, this technique can be used in the real time case just as well. The drawback however is that

known abstraction operators reduce process complexity much less than in the untimed case. This is due

tothefactthattiminginformationcannoteasilybesuppressedbymeansofanabstractionoperator.

We conclude that in the real time case, a distinction between a property notation and a process

notationisjustified,ifnotunavoidable.

5.9D

EFINITION

.Havingdefinedreadytracelanguage,wecannowdefinethefunction

˘¿:PRTS�PRTS

,for̆£RTL(A)(symbolicorrealtime):

for x£PTRS

,˘¿x={�£x:� sat˘},if this set is a process ready trace set (undefined otherwise)

.Wenoticethat xsat˘iff̆¿x=x .

5.10. C

OMPLETE DESCRIPTION PRIMITIVE .

The construction

˘ ¿ x imports the property language into the process notation. We can, conversely,

addaspecialprimitivetoRTL(

A)andRTL

¤(A),thatimportsprocessnotationintoit.

F o r a n e x p r e s s i o n

P in a process notation, t h e p r i m i t i v e f o r m u l a cd(P) d e n o t e s t h e c o m p l e t e

description ofP, that is, a property that is satisfied by a trace

� iff� is in the trace set of

P. It depends

on the expressibility of the logic and of the process notation, whether for every process

P,cd(P) can

be expressed in the other primitives of the logic. (Even if this is the case, the complete description

primitive may be useful as syntactic sugar, see e.g. Example 5.12.4.) We expect that in most cases,

even for simple processes involving recursion, the complete description is not expressible in the other

primitives (see Sections 6.5 and 6.6). The results of [K

OY89b] point in the same direction.

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

5.11 C

ONJECTURE

. Let p be a recursion-free process expression in ACP

¤I(A). Then p has a complete

description

˘inRTL

¤(A).

5.12 E

X A M P L E S

. We provide complete descriptions of some process expressions; the intention is to

exemplifythedifferenceinnaturebetweenACP

¤I(A)andRTL

1.

cd(0) = false.

2.cd(a(7)) =

�t<7(wait(t)�b£A�R(b,t))�a(7)�R(wait,7)�b£A(R(b,7)�b=a)�t>7�(t)

.

3. Let

B =

ı

�

� t>0˚�d£D̊r1(d)(t)øs

2(d)(t̊+˚1).cd(B)=�t

0>0�d0£Dr1(d0)(t0)�s2(d0)(t0+1)�

�t(t›t

0�t<t0+1�wait(t))�

�t>t

0+1�(t)�

�t†t

0�a£A(R(a,t)—�e£Da=r

1(e))�

R(wait,t

0)�

�t�a£A(t

0<t<t0+1�R(a,t))�

�a£A(R(a,t

0+1)�a=s

2(d0))�R(wait,t

0+1)

�t>0(wait(t)�a£A(R(a,t)—�e£Da=r

1(e))). 4 .

Let a|b = c

. Then cd(�t£(0,8) å(t) �

�v£(7,9]b̊(v)) =

�t�d£A(R(d,t)�d=a�d=b�d=c)�

�t

1£(0,8]�t2£(7,9]{((t1<t2)�(t1=t2=8)�

�t<t

1(wait(t)�R(a,t)�(t>7�R(b,t)�R(c,t))�(t†7�d£A(R(d,t)�d=a))�

(t

1<8�a(t1))�(t1=8�¶(t1))�(7<t1<8�R(b,t

1)�R(c,t

1))�

(t

1†7�d£A(R(d,t

1)�d=a))�

(t

1<8�R(wait,t

1)�t£(t1,t2)(wait(t)�

(t†7�d£A�R(d,t)�(t>7�R(b,t)�d£A(R(d,t)�d=b))�

b(t

2)�(t2<9�R(wait,t

2)�(t2=9�R(wait,t

2)�d£A(R(d,t

2)�d=b)�

�t>t

2 �(t))

�(t

1>t2�

�t<t

2(wait(t)�R(a,t)�(t†7�d£A(R(d,t)�d=a))�(t>7�R(b,t)�R(c,t))�

b(t

2)�R(a,t

2)�R(c,t

2)�R(wait,t 2)�

�t£(t

2,t1)(wait(t)�R(a,t)�d£A(R(d,t)�d=a)))�

(t

1<8�(a(t

1)�R(wait,t

1)�d£A(R(d,t

1)�d=a))�t>t

1�(t)))�

(t

1=8�¶(t1)))

�(t

1=t2<8�

�t<t

1(wait(t)�R(a,t)�(t†7�d£A(R(d,t)�d=a))�(t>7�R(b,t)�R(c,t))�

c(t

1)�R(a,t

1)�R(b,t 1)�

�t>t

1 �(t))}.

Arealtimeprocesslogic 1 5 W e c o n c l u d e t h a t f o r s e v e r a l s i m p l e p r o c e s s e s a c o m p l e t e d e s c r i p t i o n i s f a i r l y c o m p l e x a n d a s a

consequence, uninformative. But our hope is, that a complete construction of cd(P) is not necessary

for proving a statement like cd(P) � ¶(8) � �t £ (0,8) a(t) � c(t).

Even without such a proof system,

ourlogicisvaluableasameansto express suchastatement.

6. R

ECURSION

.Now we consider recursive equations in this framework. Let us first consider the symbolic recursion

equation

X = (a + b)øX.

This equation has more than one solution in the symbolic ready trace model.

Firstofall,thereisthereadytracesetgivenby:

˘»�n(a(n)�b(n))�c£A(R(c,n)—c=a�c=b).

It is not hard to see that this formula determines a ready trace set

V that is a solution of this equation.

Anothersolutionisthesetofreadytracesobtainedbyremovingallreadytraceswithonlyfinitelymany a’s or only finitely many b’s:V* = V - {� : {n : �

sata(n)}

is finite or

{n : � sat b(n)} is finite }.

Thus,thisequationhasatleasttwosolutionsinthereadytracemodel.

Next,weconsidertherealtimerecursionequation

X=�t>0å(t)øX. A first solution is the ready trace

setdeterminedbytheformula:

˘1»�t>0R(wait,t)�b£A(R(b,t)—b=a)�t>0{s<t:a(s)} isfinite.

This formula determines a ready trace set that is a solution and consists only of non-Zeno and non-

supertasktraces.Nextweconsidertheformula:

˘2»˘1�t�r,s(t<r<s�a(r)�a(s)�v(r<v<s�a(v))�s=r+1).

Thisalsodenotesareadyclosed,timedeterministicandrightclosedfamilyoftraces,andthusdefinesa

process. The formula says that after a certain time t, if more actions come, then they must be one

time-unit apart. Putting an additional action in front does not change this property. Thus we find that

this process also denotes a solution of the recursion equation. Next, we consider:

˘3»�t>0((R(wait,t)�R(a,t))�ª(t))�b£A(R(b,t)�b=a)�

�t>0(ª(t)�t’<t�s<t’�rs<r<t’�a(r))

.

This formula determines another solution, a ready trace set that contains all ready traces given by

˘1,

butmoreovercontainsZenoandsupertasktraces.

˘4»˘3�t>0(�s<t�rs<r<t�a(r)�ª(t)) .

This is like the previous case, but disallowing supertask traces.

Weconcludethattheequation

X=�t>0å(t)øX comes nowhere near to having a unique solution.

6.1 T

OPOLOGICAL PROCESS THEORY .

If we want that recursion equations nevertheless define a process, then there are at least two options.

One option is to define a metric on ready traces, and to allow only closed sets of ready traces as

solutions. This leads us to the field of so-called topological process theory

, initiated with the work of

D

EBAKKER

& ZUCKER

[BAZ82]. Restricting the class of ready trace sets by topological means in an

appropriate way leads to a domain in which guarded equations have unique solutions. In the real time

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

c a s e , t h e t o p o l o g i c a l t e c h n i q u e s b e c o m e m u c h m o r e c o m p l e x , u n f o r t u n a t e l y . T o o u r t a s t e , t h e s e

techniques are not satisfactory, and we propose a different way to have recursion equations define a

p r o c e s s .

6.2 T

RANSITION SYSTEMS .

Our proposal for the introduction of recursively defined processes in extensional ready trace theory is

thefollowingone,usingtechniquessimilarto[B

EK88].Let(takingtherealtimecase)

�X(t1,...,tk)|E–denote a mapping from

Rk toPRTS for each guarded recursive specification

E involving a process

variable

Xwithkrealparameters.Forparticularrealvalues r1,...,rkaprocessreadytraceset

P(r1,...,rk)=�X(t1,...,tk)|E–(r1,...,rk)=�X(r1,...,rk)|E–isobtainedasfollows:

i . Determine a real time transition system from

E for each of its (parametrised) process variables,

following [B

AB91]. (For simplicity, we do not consider the zero process, the fair merge operators and

the

˘¿operatorsinthissection,astheyarenotconsideredin[B

AB91].)

i i . Determinethereadytracesetofthetransitionsystemthusobtainedfor

X(r1,...,rk).Thisreadytrace

setis

P(r1,...,rk).Weelaborateonthissecondstep.

6.2.1 D

EFINITION

. We briefly recall the definition of a transition system from [B

AB91, Section 4.4];

ourpresentationhereissomewhatsimplified.

A s t a t e is a pair

�p, t–

, where p is a closed process expression or the termination symbol

�, and t̊£R̊‡0. Atransition is a triple

(source, action, target)

, usually denoted as source

action �fi target ,

where andtarget are states and action£Afi{wait}.

Intuitively, afi�p’, t’– means that the

process p, when the time has become t, can wait until time t’, at which time it performs an a-step and

turnsinto p’.Atransitionsystem isaset

TSoftransitionssatisfyingforall a£Afi{wait}:

- �s, t– afi�s’,t’–£TS�(t<t’�s›�(a=wait�s=s’)),

- �s, t– afi�s’,t’–£TS�t"£(t,t’)�s,t–

wait�fi�s,t"–£TS�s,t"–

afi�s’,t’–£TS.

The rules for determining a transition system from a recursive specification, as given in [B

AB 9 1 ] ,

ensurethatthesepropertieshold.

A paththroughatransitionsystem

TSisacountable sequence t1,t2,...oftransitionsfrom

TSsuch

thatforall i>0

-t i+1existsifandonlyifthetargetof tisthesourceofoneormoretransitionsin TS,

- if ti+1exists,thenthetargetof tiequalsthesourceof ti+1.

-if,forsome t̊£R̊‡0, all transitions ti,ti+1,...havewaitastheiractionandatime t’<tintheir

target,thenthereexistsan n‡isuchthatforallsources softn,tn+1,...,TScontainsno

transition safi�s", t–

(a£Afi{wait} ).

The last clause of this definition prevents paths that fail to proceed without being �trapped�. For

example, if

TS contains the transition

�a(1),0– afi�,1– and all the transitions that come with this one,

then

�a(1), 0–

wait� fi

�a(1), 1/2–

�a(1), 3/4–

�a(1), 7/8–

... is not a valid path. In

contrast, if

TS contains

{�s,0– afi �,t– | 0 < t < 1}

, but n o t

�s,0– afi�,1–, nor any other transition bfi�s’,1– (b

£ Afi{wait}

), then this path is valid. (E.g., s =�0<t<1 a(t).)

Arealtimeprocesslogic 1 7 6.2.2 D

EFINITION

. Let

§ be a path through a transition system

TS.Theready trace determined by

§inTS,RT(§,TS), is for each time t̊£R̊‡0 defined as

RT(§,TS)(t)=

� if§isfiniteandthetargetofitslasttransitionis

�,t’–

,witht’<t;

¶

�s,t’–

,witht’<tands›�(closedtimestop) ;

¶ if§isinfinite, t’<tforalltargets oftransitionsin

§,andfinitely

manytransitionsin

§haveanactionotherthan wait(opentimestop);

ªif§isinfinite,

§,andinfinitely

manytransitionsin wait;(U, a) fora£Afi{wait}

,ifthereexist s’,t’,s suchthat

�s’,t’– afi�s,t–£§ andU={b£Afi{wait}|�s"�s’,t’– bfi�s",t–£TS};

(U, wait) ifthereexist a£Afi{wait}

,s’,t’,s",t" afi�s",t"–£§,

t’<t<t" andU={wait}fi{b£A|�s�s’,t’– bfi�s",t–£TS}.

6.2.3 D p be a closed process expression, and let

TS be the transition system associated

to p as defined in [B

AB91]. Then the ready trace set p is{RT(§,TS) | § is a path through

TS and the

source of the first transition of

§ is�p,0–}.

6 . 2 . 4 C

L A I M

p be a closed process expression without recursion. Then the ready trace set pdefined above coincides with

[p], as defined in Section 4.2.2. (Note: it is especially interesting to check

thisclaimforintegralsoverright-openintervals.)

6.3 C

O M M E N T S .

1 . Inthiswayweobtainaninfinitesignature.Foreachexpression

�X(t1,...,tk)|E–wehaveaprocess

valuedfunctioninthesignature.

2 . There is no intention that unique solutions are obtained. Rather, we have a uniform way to select

somesolutionofthesystem

Eandtousethattoevaluate

�X(t1,...,tk)|E–.Otherselectionmechanisms

canleadtootherinterpretationsofthissyntax.

3 . A s t r i k i n g d i f f e r e n c e w i t h u n t i m e d p r o c e s s a l g e b r a m o d u l o b i s i m u l a t i o n ( i n t h e a b s e n c e o f

abstraction)seemstobethattheverysimilarequations e1:

X=aøX ande2:

X=

�t>0å(t)øX(orX = aøX )

behave so differently. Indeed, whereas e1 has a unique solution in the bisimulation model, e2 has no

unique solution in the ready trace model. This motivates the notation

�X | e

2– which indeed determines

areadyclosed,timedeterministicandrightclosedtraceset.

Infact,thismatterderivesfromthefactthatsolvingrecursionequationsintracetheory(withinfinite

traces) is in a set theoretic sense much more complicated than equation solving modulo bisimulation,

because it involves the powerset construction or a restricted version of it to generate collections of

schedulers. This also shows up with the untimed equation

X = (a + b)øX.

To determine the set of

infinite ready traces of this process involves some form of set theory. The construction of a transition

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

system however is a combinatorial matter. The complexity of bisimulation theory in turn shows up if

one realises that whether or not two transition systems both specified in untimed ACP using guarded

specificationsarebisimilarmayeasilybeindependentofZF.

4 . In [B

EK86] we have outlined methods to avoid the introduction of infinite signatures and still

deal with recursion equations that fail to have unique solutions. For example, instead of introducing

�X | X = �øX + a– one writes

�Y | Y = iøY + a–

(this

Y is unique) and has

�{i}(Y)satisfies

X = �øX + a .

Using KFAR [B

EK86] one then derives

�{i}(Y)=�øa

. In this way the notation can be

avoided.Wehavenotbeenabletofindasimilarwaytoavoidthe

�X|E– notationintherealtimecase.

5 . T h e c o n s i d e r a t i o n s a b o v e c h a n g e i f o n l y f i n i t e r e a d y t r a c e s a r e c o n s i d e r e d ( t h u s b r i n g i n g t h e

approach closer to that of timed CSP [R

ER88]). The choice to work with complete (usually infinite)

traces rather than with incomplete (finite) traces is motivated by the marvellous expressive power

concerning different forms of liveness and fairness that is obtained if systems are described by means

of these complete traces. This expressive power seems to be mainly responsible for the success of the

temporallogicapproachtoconcurrency.

6 . This approach is unable to deal with equations containing the fair merge and

˘ ¿operators. The

same holds to some extent for topological process theory, as the intended semantics can be an open set

of ready traces.

7. The definitions imply that the ready trace defined by a path in a transition system is not a supertask.

Aspecialconstructionisneededforobtainingsupertasks;thisconstructionisintroducedinSection6.7.

6.4 E

XAMPLE

. Let

E = {X = aøX, Y = bøY}

. We notice that

P = �X | E– f� �Y | E– contains only traces

executing infinitely many a’s and infinitely many b’s (exactly the ready trace set

V* defined in the

beginningofthissection).Wecanderivefurtherthat

^{a}(P)=0 .

6.5 E

X A M P L E .

Letusconsiderthefollowingprocessandpropertynotations:

¥

Lprop(A)=RTL

¤(A)¥Lproc(A) = ACP

¤I(A) + conditionals + parametrisation of actions and processes by elements of a

computableabstractdatatypespecifiedbymeansofacompletetermrewritingsystem.

Let

P=�P(˚)|P(§)=

ı

�

� t>0˚�d£D̊r1(d)(t)øP(enq(d,

˚§)) + ¶(0)

Ø empty(§)

�t>0s̊2(deq(§))(t)øP(tail(§)) –.

Here,

§ denotes a queue over

D, where

Dis a finite (data) set with fixed element d0, and the datatype

of queues is specified as follows:

˚:Q̊

enq:Q�Q�Q

deq:Q�D

tail:Q�Q

empty:Q�

B

Arealtimeprocesslogic 1 9 empty(˚)=T

empty(enq(d, x) = F

deq(˚)=d

0deq(enq(d, x)) = d

Ø empty(x)

� deq(x)

tail(˚)=˚

tail(enq(d, x)) = x

� enq(d, tail(x)).

P(˚) is one of the many forms of an unbounded queue. We expect (but failed to prove) that

P(˚) has

n o c o m p l e t e d e s c r i p t i o n i n R T L

¤(A). ([K O Y 8 9 b ] p r o v e s s u c h a f a c t f o r a t e m p o r a l f r a g m e n t o f

RTL

¤(A)andalargerclassofmessagepassingsystemswhichincludes

P(˚)).

6.6 E

X A M P L E S .

Weprovidecompletedescriptionsofsomerecursivelydefinedprocesses.Welookatthethreeclocksof

[B

AB91].

1 . T h e p r o c e s s

�C1(1) | C

1(t) = tick(t)øC

1(t+1)–

( a p e r f e c t c l o c k ) h a s t h e f o l l o w i n g c o m p l e t e

description:

�n£N(n›0�tick(n)�a£A(R(a,n)�a=tick))�

�t‡0(�n£

Nt›n�t=0�wait(t)�a£A�R(a,t)) .

2 . The process

�C2(1) | C

2(t) =

�v£[t-0.01,t+0.01]

˚ ˚ t̊ick(v)øC

2(t+1)–

(a clock allowing some fluctuation of

theticks)hasthefollowingcompletedescription:

�t<0.99wait(t)�a£A�R(a,t)�

�n £

N(n›0�

�t£[n-0.01,n+0.01](tick(t)�(t›n+0.01—R(wait,t))�a£A(R(a,t)�a=tick))�

�r£[n-0.01,t)(wait(r)�R(tick,r)�a£A(R(a,r)�a=tick))�

�r£(t,n+0.99)(wait(r)�a£A�R(a,r))).

3 .

Whether or not the process

�C3(1)|C

3(t) =�v£[t-0.01,t+0.01] t̊ick(v)øC

2(v+1)–

(a clock cumulating

the errors) has a finite complete description, depends on the expressiveness of the logic. An infinite

series of consecutive choices, each one depending on the previous choice, has to be made. We can

suggestthefollowinghigherorderdescription:

�t0,t1,t2,t3,...

t

0=0�t<0.99wait(t)�a£A�R(a,t)�

�n£

N(tn+1£[tn+0.99,t n+1.01]�tick(t n+1)�(tn+1›tn+1.01—R(wait,t n+1))�

�a£A(R(a,t n+1)�a=tick))�

�t£[t n+0.99,tn+1)(wait(t)�R(tick,t)�a£A(R(a,t)�a=tick))�

�t£(t n+1,tn+1+0.99)(wait(t)�a£A�R(a,t))).

But higher order logic is not needed here. It is possible to encode the sequence t0, t1, t2, t3, ...by one

positive real number r. If we find an encoding such that the corresponding function decode

, satisfying

�n£Ndecode(r,n)=t n,isexpressibleinthearithmeticofthelogic,thenwecanreplaceintheabove

description

�t0,t1,t2,t3,...by�r,andeach tnbydecode(r,n) .

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

6.7 S

U P E R T A S K S .

Thenormaltaskaxiom(NTA)excludessupertasks:

NTA»�t((�s<t�r£(s,t)�a£Aa(r))�ª(t)), orequivalently:

�t£R‡0[(�s<t�r£(s,t)�a£Aa(r))�ª(t)].

Supposeoneintendstoallow

traces that do not satisfy the NTA, i.e. supertask traces. This can be useful for the conceptual analysis

of certain communication protocols (see Section 8). We provide an operator that introduces supertask

processes (i.e., ready trace sets that may contain supertasks).

Theoperator

�ªisdefinedonreadytracesby

�ª(�)(t)=

�(t) if�(t)›ª

� if�(t)=ª.

Onreadytracesets,

�ªisdefinedbyapplyingittoeachelementoftheset.

A supertask is then obtained e.g. as follows:

P = � ª(�X(1) | X(t) = a(t)øX(1 + t/2)–)øa(3) .

It should be noticed that this operator is meaningless on transition systems. Consequently, a semantic

modelforrecursionequationsinvolvingthisoperatorrequiresmoresophicatedtechniquesthantheones

outlinedabove.

7.PROTOCOLSPECIFICATION

:THECONCURRENT

ALTERNATING

BITPROTOCOL

.As an example of an application of ready trace theory we consider the Concurrent Alternating Bit

Protocol (CABP) as described in [K

OM90]. See Fig. 1. First of all, we consider symbolic ready trace

theory.

A

K B

C L D

1 2 3

5

6 7

8

4

FIGURE 1 .

Data from the finite data set

D are to be transferred from port 1 to port 4, for acknowledgements

through ports 2,3,6,7 an alternating bit from

B = {0, 1} is used, an acknowledgement at 5 or 8 is ac,

and er is an error value. In the transmission channels, a choice is made between correct transmission

( i), corrupted transmission ( j) or loss of data ( k).

7.1 S

YMBOLIC SPECIFICATION .

Wespecifythecomponents:

Arealtimeprocesslogic 2 1 Datatransmitter:

A=A0Ab=�d£D̊r1(d)øA b

d

b£B

A

b

d

=s2(db)øA b

d

+r8(ac)øA

1-bb£B,d£D.

Datatransmissionchannel:

K=�f£D�B̊r2(f)ø(iøs

3(f)˚+j̊øs3(er)˚+k̊)øK .

Datareceiver:

B=B0Bb=(r3(er)+�d£D̊r3(d(1-b)))øB b +�d£D̊r3(db)øs

4(d)øs

5(ac)øB

1-bb£B. Acknowledgementtransmitter: D=D 1Db=r5(ac)øD

1-b+s6(b)øD b£B. Acknowledgementtransmissionchannel:

L=�b£B̊r6(b)ø(iøs

7(b) + jøs

7(er) + k)øL .

Acknowledgementreceiver:

C=C 0Cb=(r7(er)+r

7(1-b))øC b+r7(b)øs

8(ac)øC

1-bb£B. Fairness assumption:

˘ = �n �m > n R(i, m) � �n �m > n i(m) .

Encapsulationsets:

H(p,q)={s p(x),rp(x),sq(x),rq(x):x£DfiD�BfiBfi{er,ac}} .

Specificationoftheprotocol:

CABP=^

H(5,8)(Ĥ(2,3)

(A�˘¿K�B) f�Ĥ(6,7)

(C�˘¿L�D) ).

Here, abusing notation, we write

A instead of

�A|E–

(where

E is the specification above) etc.

Now correctness of the protocol can be expressed as follows:

CABP sat�n�d£D(r

1(d)(n)�m>n(s

4(d)(m)�r£(n,m)�e£D(�R(r

1(e),r)�R(s

4(e),r))))�

�n�d£D((s

4(d)(n-1)�n=0)�

�r‡n(�v£[n,r)�d£D�R(r

1(d),v)�m‡r(�v£[r,m]�d£DR(r

1(d),v)�e£Dr

1(e)(m)�

�v£[n,m]�d£D�R(s

4(d),v)))) .

7.2 R

EAL TIME SPECIFICATION .

Datatransmitter:

A=A0

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

Ab=

ı

�

� t>0˚�d£D̊r1(d)(t)øA b

d

(t)

b£B

A

b

d

(t)=s2(db)(t+1)øA b

d

(t+1)+�v†t+1 r̊8(ac)(v)øA

1-bb£B,d£D.

Datatransmissionchannel:

K=

ı

�

� t>0˚�f£D�B r̊2(f)(t)ø(i(t+1)øs

3(f)(t+2)

˚+j̊(t+1)øs

3(er)(t+2)

˚+k̊(t+1))

øK

.

Datareceiver:

B=B0Bb=

ı

�

� t>0˚(r3(er)(t)

˚+˚�d£D̊r3(d(1-b))(t))øB

b +

ı

�

� t>0˚�d£D̊r3(db)(t)øs

4(d)(t+1)øs

5(ac)(t+2)øB

1-bb£B. Acknowledgementtransmitter:

D = D

1(0)

D b(t)=�v†t+1 r̊5(ac)(v)øD

1-b(v)

+ s

6(b)(t+1)øD b(t+1)

b£B.

Acknowledgementtransmissionchannel: L=

ı

�

� t>0˚�b£B̊r6(b)(t)ø(i(t+1)øs

7(b)(t+2) + j(t+1)øs

7(er)(t+2) + k(t+1))øL .

Acknowledgementreceiver:

C=C 0Cb=�t>0˚(r7(er)(t)

˚+r̊7(1-b)(t))

øC

b+�t>0r̊7(b)(t)øs

8(ac)(t+1)

øC

1-bb£B. Fairness assumption:

˘=�t�s>tR(i,s)�t�s>ti(s) .

Encapsulationsetsareasinthesymboliccase.

Specificationoftheprotocol:

CABP=^

H(5,8)(Ĥ(2,3)

(A�˘¿K�B)�^

H(6,7)

(C�˘¿L�D) ).

Correctnessoftheprotocolcanbeexpressedasfollows:

CABP sat�t�d£D(r

1(d)(t)�s>t(s

4(d)(s)�r£(t,s)�e£D(�R(r

1(e),r)�R(s

4(e),r))))�

�t�d£D((s

4(d)(t)�t=0)�

�r>t(�v£[t,r]�d£D�R(r

1(d),v)�((�s>r(�v£(r,s]�d£DR(r

1(d),v)�e£Dr

1(e)(s)�

�v£(t,s]�d£D�R(s

4(d),v)))

�(�v>r�d£D(R(r

1(d),v)�wait(v))�

�v>t�d£D�R(s

4(d),v)))).

Arealtimeprocesslogic 2 3 8.NON-EXISTENCEOF

COORDINATED

ATTACK

PROTOCOLS

.In this section, we look at real time ready trace theory. The protocol we consider, is the so-called

C o o r d i n a t e d A t t a c k P r o t o c o l

(CAP): via communication through unreliable media

M12 and

M34,

processes

P andQ should synchronise on a certain action they each perform independently (or at least,

the execution of the two actions should be close enough in time). For more information, see [H

AM90].

See Fig. 2.

T h e s t o r y t h a t g o e s w i t h t h i s p i c t u r e i s t h e f o l l o w i n g :

P and

Q a r e t w o g e n e r a l s t h a t w a n t t o

synchronise an attack on an army located between them, because only by working together they can

beat this army. Their only means of communication is sending messengers that have to pass enemy

lines.Themessengermayarrivesafelyattheotherarmy,ormaybecapturedenroute.

P

M

Q

M

1 2

3 4

12

34

FIGURE 2 .

8.1 C

OMMUNICATION .

Wecandescribethemediaasfollows:

M12=

ı

�

� t>0˚�d£D̊r1(d)(t)ø(i

1(t+1)øs

2(d)(t+2)

˚+i̊2(t+1))ø((t+2)

˚�M12)

M

34=

ı

�

� t>0˚�d£D̊r3(d)(t)ø(i

3(t+1)øs

4(d)(t+2)

˚+i̊4(t+1))ø((t+2)

˚�M34)

.

Wemayassumethatthechoiceinthemediaisfair,inparticular(andmorespecifically),let k̆=�t�s>tR(i k,s)�t�s>ti k(s),

thenbothmediatogethercanbewrittenas

M=(˘1¿M12)�(˘3¿M34).

Inordertolettheintendedcommunicationchannels, andonlythose

,functionproperly,wemust

1.disallowallactions r1(d),s2(d),r3(d)ands4(d)byPandQ(d£D),

2.encapsulatethesystembytheset

H={r i(d),si(d):i=1,2,3,4,d£D},

3. define:

'(ri(d),si(d)) = c i(d)fori=1,2,3,4,d£D,

'(a,b) = a&b otherwise.

J.C.M. Baeten, J.A. Bergstra & R.N. Bol

Thus actions occurring at the same time, other than corresponding reads and sends, are completely

independent. For simplicity, we shall not treat actions like a&b separately. For example, we can write

Xsata(t) � b(t) instead of

Xsata&b(t)

, violating the �axiom�

� t a(t) � b(t) � a = b .

8.2 S

YNCHRONIZATION .

The aim is that

Pand

Q perform actions p_attack and q_attack at the same time: the final system

must satisfy

�t p_attack&q_attack(t).

This requirement, however, might be too strong for other

reasonsthantheoneweaimat(suchasrelativisticconsiderations);thereforewerequirethattheattacks

takeplaceatmostonetimeunitapart:

�syn»�t1,t2(p_attack(t

1)�q_attack(t

2)�|t1-t2Ø<1).Excluding one form of cheating, we require

Psat�t � q_attack(t).

Excluding another one, we also

require

Psat�s,t ((p_attack(s) � p_attack(t)) � s=t)

. Similarly for Q.

Due to our way of modeling parallelism, all components of a system share a global clock. We need

to incorporate some mechanism that excludes using this clock for achieving synchronization. For

example, the solution

P = p_attack(1), Q = q_attack(1) must be avoided. What we want to express

isthat

�t>0�£V

P�r<t�(r)

2=wait

(where

VPdenotesthereadytracesetof

P),butthisstatement

cannot be rephrased as

Psat ˘,for any formula ˘.

Soletussaythatthegeneralsmustfirstarriveattheirpositions,andthattheycannottellinadvance

how long this will take. Until (and included) their time of arrival, messages sent to them through the

mediaarelost:

P_init(t) =

ı

�

�

0<u<t

(�d£D̊r4(d)(u)øP_init(t))

˚ + ˚

�d£D̊ (r4(d)&p_arrive)(t)

˚+p̊_arrive(t)

Q_init(t) =

ı

�

�

(�d£D̊r2(d)(u)øQ_init(t)

) ˚ + ˚

�d£D̊ (r2(d)&q_arrive)(t)

˚+q̊_arrive(t).

Now we can write the whole system as:

R=Ĥ(�t>0˚(P_init(t)øP(t))�M�

�t>0˚(Q_init(t)øQ(t))).

Due to the existence of the

0-process, this formulation works only under the additional assumption that

for all t,P(t)›0

(i.e., the ready trace set of

P(t) is non-empty), and the same for

8.3 T

HEOREM

. For all processes

P andQsatisfying the requirements above,

Rsat �syn is false.

P

ROOF

: By contradiction. Assume

Rsat �syn for some

P andQ satisfying the requirements above.

Let

VXdenotethereadytracesetof

X,forX=P,Q,R,M.

Let,for

§P£VP,t(§P)denotetheunique

time t such that

§Psatp_attack(t)

, and similarly for

Q.Then

Rsat �syn implies

�r,s>0

�§Pi£VP_init(r)

,§Qi£VQ_init(s)

,§P£Vr�P(r)

,§Q£Vs�Q(s)

,§M£VM(*)(§Piørt§P)� rt§M� rt(§Qiørt§Q)£V R�|t(§ P)-t(§Q)Ø<1. That is, if

§P and

§Q are compatible, in the sense that their communication behavior is possible given

the specification of

M, then the times of attack specified by

§P and§Q are at most one time unit apart.

F o r e a c h t u p l e

§P £ V

r�P(r) , § Q £ V

s�Q(s)

M £ V

M, w e c a n d e f i n e t h e n u m b e r o f u s e f u l

communications as the number of send actions in

§M before max(t(§

P),t(§Q)). (Although s2(d)

Arealtimeprocesslogic 2 5 actions before time sand s4(d) actions before time r are not particularly useful, we count them.)

Formally, c(§P,§Q,§M)=kabbreviates

�t1<max(t(§

P),t(§Q))...�tk<max(t(§

P),t(§Q))�j=0..k

�i=1..j(§M sat�d£Ds2(d)(ti)�n=1..i-1tn›ti)�i=j+1..n(§M sat�d£Ds4(d)(ti)�n=j+1..i-1tn›ti)�

�t

<max(t(§

P),t(§Q))(( � i=1..jt›ti)�§M sat�d£Ds2(d)(t))�t<max(t(§ � i=j+1..k

t›ti)�§M sat�d£Ds4(d)(t)).Wenowprovethefollowingforeachtuple r,s>0,§

Pi£VP_init(r)

,§Qi£VQ_init(s)

,§P£Vr�P(r) ,

§

Q£Vs�Q(s)

,§M£VMsuchthat(§Piørt§P)�rt§M�rt(§Qiørt§Q)£VRand|t(§P)-t(§Q)Ø<1:

1.c(§

P,§Q,§M)=kforsomenumber k.

2. If c(§P,§Q,§M) = k>0

, then there exists a tuple r’,s’>0, §’

Pi £ VP_init(r’)

, §’Qi £ VQ_init(s’)

,§’P £

V

r’�P(r’)

, §’

Q £ V

s’�Q(s’)

M £ V

M such that

(§’Piørt§’P) � rt §’M �rt (§’

Qiørt§’Q) £ V

R and c(§’P,§’Q,§’M)<k.

3. If c(§P,§Q,§M) = 0

Pi £ V

P_init(r’)

Qi £ V

Q_init(s’)

V

|t(§’P)-t(§’Q)Ø‡1.Together,thesethreepointscontradict(*),because

VR›˚.

1. Since the channels can only handle one message at a time, and each successful transmission takes 2

timeunits,therecanbeonlyfinitelymanysendactionsin

§Minafiniteperiodoftime.

2. Let t0 be the time at which the last s2(d) ors4(d) action occurs in

§M before max(t(§

P),t(§Q)).

Without loss of generality, we may assume this message is s2(d) for some d £ D

. The new tuple is

obtained as follows.

a.

r’=r,s’=s,§’

Pi=§Pi,and§’Qi=§Qi.

b

.Fort†t(§P),§’P(t)=§P(t).Thereisnoessentialchangein

§P.Inparticular t(§’P)=t(§P).c.F o r t † t

0, §’M(t) = §

M(t),except that

§’M(t0 - 1) isi2 instead of i1 and

§’M(t0) iswait instead of s2(d),t h u s w e t u r n t h e l a s t u s e f u l c o m m u n i c a t i o n i n t o f a i l u r e . A s t h e f o l l o w i n g p o i n t s d o n o t

introduce new communications before t(§P)+1, we have c(§’P,§’Q,§’M) < k

(since

Rsat �synimplies max(t(§’

P),t(§’

Q))<t(§P)+1).

d.For t < t0,§’Q(t)=§

Q(t).§Q(t0)wasr2(d),butnowthecorrespondingsendactionhasdisappeared.

Wecannotsaymuchabouttheresultingbehaviorof

Q.Thereareseveralpossibilities:

-Thereadactionby

Qwaitsindefinitely.

-

§’Qcontainsthis r2(d)action,anditcommunicateswithalater s2(d)actionfrom M.

- r2(d)action,atatime t‡t0,anditcannotcommunicate.Inthiscasetheencapsu-

lation by

Hcauses deadlock. This cannot mean that there is a deadlocked trace in

VR (it would

c o n t r a d i c t

Rsat �syn, b e c a u s e t h e a c t i o n q_attack d o e s n o t o c c u r ) . S o i t m e a n s t h a t t h e

deadlocked trace is �overruled� by another one, i.e.

§’Q has another action or wait ready at time t.

2 6 J.C.M. Baeten, J.A. Bergstra & R.N. Bol

(Hereweneedthat

Vs’�Q(s’) isright-closed,avoidingthataninfinitesetoftraces,eachoverruling

thepreviousone,wouldresultinanemptytraceset.)Thisgivesusthelastcase:

-

Qperforms another action (possibly after waiting), and thereafter a completely different trace.

Thistracemayinvolve s3(d)actions.

e. For t0 < t † t(§

P)+1, §’

M(t) is not s2(d) ors4(d). Attempts to communicate from

Pand

Q are

matched by corresponding read actions, but followed by i2, respectively i4, after one time unit. (In

other words:

§’M(t) = §

M(t), except that any �new� attempts to communicate by

Q are accepted, but

not sent to

P.) Note that this does not violate channel fairness, since the channel can handle only

finitely many inputs in a finite amount of time.

§M did not contain any s4(d)actions between t0andt(§P),sothischoiceof

§’Misconsistentwithb:for t†t(§P),§’P(t)=§P(t).3. There is no communication between

Q before max(t(§

P),t(§Q)).In this case we obtain the

new tuple as follows.

a.

r’=r and§’Pi=§Pi.

b.

s’=t(§P)+1,fort<s’:§’Qi(t)=({r

2(d):d£D,wait},wait) and§’Qi(s’)=({r

2(d):d£D,q_arrive},q_arrive)

=§Qi(s).b.Fort†t(§P)+1,§’P(t)=§P(t)and§’M(t)=§M(t).Inparticular t(§’P)=t(§P).c.§’Q £ V

s’�Q(s’)

, which may differ from

Vs�Q(s)

, but by assumption

› ˚. Obviously, if

§’Q(t)=q_attack

,thent>s’=t(§

P)+1,thus|t(§’P)-t(§’Q)Ø‡1.8.4 S

U P E R T A S K S .

We see that we cannot obtain global synchronisation, even if the processes can have arbitrary form.

Now we show that, if we relax the definition of the channel by allowing infinitely many inputs in a

finiteamountoftime,wecanobtainglobalsynchronisation.Considerthefollowingchannels:

M

*

12=

ı

�

�

� t>0Œ̊d£D̊r1(d)(t)ø(M

*

12˚�(i1(t+1)øs

2(d)(t+2)

˚+i̊2(t+1)))

M

*

34=

ı

�

�

� t>0Œ̊d£D̊r3(d)(t)ø(M

*

34˚�(i3(t+1)øs

4(d)(t+2)

˚+i̊4(t+1))) .

Immediatelyafterreceivinganinput,anewinputcanbereceived.Still,anunsuccessfulcommunication

takes1timeunit,andasuccessfulone2timeunits.Weredefine

M(andthus

R)by:M=(˘1¿M * 12)�(˘3¿M

*

34) .

We can get global synchronisation, if we allow supertasks (see Sections 5.5.3 and 6.7). Before we

define

P and

Q, we define two auxiliary processes. The first process,

Send i(t), is a supertask: it sends

within one second, beginning at t, an infinite number of messages through channel i; then it terminates.

Wedonotneedanycontentinthemessages:

D={d}.

Send i(t) = � ª(�Si(t,1) | S i(u,n) = s i(d)(u)øS i(u+2

-n,n+1)–).Channel fairness ensures that from such a burst of messages, at least one arrives.

The second process,

Deaf i, simply accepts and ignores messages coming in through channel i.Deaf

i=�t>0r̊i(d)(t)øDeaf i.

Arealtimeprocesslogic 2 7 The roles of

P and

Q in this protocol are asymmetric. After

P arrives, is sends a burst of messages

every second, while listening for an answer. Half a time unit after the first answer comes (meaning that

Qhas arrived),

P attacks. When

Q arrives, it waits until it receives a message from

P. It answers this

message by a one-second burst. If this burst starts at time s, it occupies the interval

[s,s+1).

Thus at

least one message of the burst arrives at

Pin the interval

[s+2,s+3), a n d

P attacks in the interval

[s+2.5,s+3.5).

So it is safe for

Q to attack at s+3.P and

Q accept and ignore all incoming messages

afterthefirstone.

P(t) = �X(t+1) | X(u) = Send

1(u)øX(u+1)–�

�u>t̊(r4(d)(u)ø(Deaf

4�p_attack(u+0.5))).

Q(t)=

�u>t̊(r2(d)(u)ø(Deaf

2�(Send

3(u+1)øq_attack(u+4)))).

8 . 5 T

H E O R E M

. I f w e d o n o t a l l o w s u p e r t a s k s , t h e n f o r a l l p r o c e s s e s

P a n d Q s a t i s f y i n g t h e

requirements of Section 8.2,

Rsat �syn is false (recall that

R is now defined using M * 12 and M * 34).

P

R O O F

: The proof is largely the same as that of Theorem 8.3. Since we do not allow supertasks, the

number of useful communications between

P andQ, as defined there, is again finite. More precisely, a

Zenotracewouldallowaninfinitenumberofcommunications,butnoattackactionsfollowingit.

This subtlety arises again in item 2e of the proof, where the trace

§’M violates the fairness assump-

tion of the channels, if

§’Q perfoms an infinite number of send actions between t0-2a n d t(§P)-1: at

leastoneofthemshouldresultinasendactionin

§’Mbetween t0andt(§P)+1.Since

(t0-2,t(§

P)-1]isa

finiteinterval,wemusthavealimitpoint t1inthisintervalwithinfinitelymanysendsin

§’Qbetween t1andt1-0.5.

Consider another trace

§"M ofM that differs from

§’M only in the fact that each send after t1-0.5isasuccessfulone.Thistracesatisfiesfairness,butbecausemessagetransmissiontakesatleast

1 time unit,

Q cannot see the difference. Thus if we replace

§’Mby§"M, we have a trace of

Rin which

Q performs an infinite number of send actions. Since we do not allow supertasks, this means that this

tracedoesnotsatisfy

�syn,thusweconcludethat

§’Qcannotperfomaninfinitenumberofsendactions

between t0-2andt(§P)-1.

8.6 V

ARIABLE TRANSMISSION

SPEED .

Insteadofallowinginfinitelymanyinputsinafiniteamountoftime,wecanalsoallowthetransmission

speed to be variable. In this case, we can even obtain global synchronisation with processes without

supertasks. Each trace of the system will be a bounded action frequency trace, but for every

«>0, there

is a trace in the system�s trace set for which the bound is smaller than

«. This protocol was suggested

by Jan Friso Groote [G

RO92].

Consider the following channels with programmable transmission speed (the only message to be

transmitted is the transmission speed, so we remove

D):

2 8 J.C.M. Baeten, J.A. Bergstra & R.N. Bol M

"

12=

ı

�

� t>0˚�r£(0,1) r̊1(r)(t)ø

(i1(t+r)øs

2(r)(t+2r)

˚+i̊2(t+r))ø̊(t+2r) ˚�M

"

12)M

"

34=

ı

�

�

˚ r̊3(r)(t)ø

(i3(t+r)øs

4(r)(t+2r)

˚+i̊4(t+r))ø̊(t+2r)

"

34)MandRareredefinedaccordingly.

Again,

PandQhaveasymmetricdefinitions.Thistimeitis

Qwhoperiodically(every8timeunits)

sends a message in order to determine if both processes are alive. When

P receives such a message, it

will time out after 7 time units. In order to make sure

Q knows this, one succesful message exchange

suffices. This exchange, initiated by

P, will be done faster and faster, in order to fit within a 6 units

timeframe.

In fact, only a message from

P toQ is necessary, but

Qreplies in order to stop

P from sending

more messages. Of course, such a reply can get lost, but the fact that

P can send an arbitrary number of

m e s s a g e s , m e a n s t h a t a n a r b i t r a r i l y l a r g e s u b s e t o f t h e s e m e s s a g e s a r r i v e s a t

Q, thus

Q r e p l i e s

arbitrarilymanytimes,andatleastoneoftheserepliesmustreach

P.Formally,

P(t)=�v>t̊r4(1/2)(v)øs

1(1/2)(v+1/2)øP(v+

1/2,˚1/2,˚7+v)

, whereP(t,r,u)=r

4(r)(t+5r)øp_attack(u))+s

1(r/2)(t+6r)øP(t+6r, r/2,u)(Here, tis the time of the previous message sent, r is the transmission speed of that message, and u is

thetime-outtime.)

Q(t)=s

3(1/2)(t+8)øQ(t+8)+

�v†t+7r̊2(r)(v)øs

3(r)(v+r)øQ*(v

˚+˚10r)

Q*(u)=q_attack(u+

1/2) +�v†ůr2(r)(v)øs

3(r)(v+r)øQ*(u)

.

We can clarify the protocol by looking at Fig. 3, in which

P receives the first message from

Q at

( r e l a t i v e ) t i m e -

1/2 a n d b o t h p r o c e s s e s t i m e o u t a t t i m e 6

1/2. T h e f i g u r e s h o w s a l l a t t e m p t e d

communications, except the initial messages from

Q.Q only attempts to reply if the corresponding

message from

P arrives. As soon as a pair of corresponding messages succeeds,

Pstops sending, and,

as a consequence, so does

Q.0

3 6

6 1

3

2

5

2

7

2

15

4

17

4

9

2

19

4

39

8

41

8

21

4

43

8

P

Q

r =1

2 2 4 4 8 16

Arealtimeprocesslogic 2 9 FIGURE

3 .9. CONCLUSIONS

,PROBLEMS AND FUTURE WORK

.Anumberofproblemsremainstobesolved.Wecandividethemintotwogroups:problemsconcerning

thealgebraofprocessreadytracesetsandproblemsconcerningthelogic.

Ready trace theory has appeared to be more complex than we expected. As a result, Section 4 has

g r o w n i n t o a l a r g e n u m b e r o f c o m p l e x d e f i n i t i o n s , o f w h i c h o n e w o u l d l i k e t o p r o v e t h a t t h e y

correspond to the intuitions behind them. Such a proof could compare a ready trace set defined as in

S e c t i o n 4 w i t h t h e r e a d y t r a c e s e t o f t h e t r a n s i t i o n s y t e m a s s o c i a t e d t o t h e p r o c e s s t e r m u n d e r

consideration.

T h e d e c i s i o n t o a d d a s u m m a n d

¶(2) to

�1<t<2b̊(t) s e e m s c o u n t e r i n t u i t i v e . B u t g i v i n g a n

interpretation of terms containing an integral over an open interval requires a decision between the

intuition that

^{b}(a(1)ø�1<t<2 b̊(t)) = a(1)ø¶(2)

(rather than

0) and the technical observation that the

naive interpretation yields a(1)ø�1<t<2 b̊(t) + a(1)ø

�1<t<3b̊(t) = a(1)ø

�1<t<3b̊(t). Adding a summand

b(2) could be an alternative, but that would be at least as counterintuitive, and technically even more

complicated.That

�t>0å(t) has an ever waiting trace

¶(�) = a(�) seems reasonable.

As it is defined here, Ready Trace Logic can only be used to describe properties of all traces of a

process. In Section 8.2, we wanted to state that a process has a certain trace (for every t>0).

Thus the

usefulness of RTL could be improved through replacing the implicit universal quantification over the

tracevariablebyarbitraryquantification.

In order to be useful not only for specification, but also for verification, the operators on processes

should be translated to �connectives� in the logic: if

Psat ˘and Qsat ·then P+Q sat ˘+·. Notice

that the laws for these connectives will differ from the laws for the operators, for example:

˘+˘ „

˘

.

Defining these connectives in terms of RTL is not easy. It is probably worthwhile to study a language

of which the primitives are on a higher level. Apart from facilitating the translation from operators to

connectives, this language could also solve another problem of RTL, namely that its notation is very

explicit. When used on a high level of specification, this is an advantage of RTL, but on lower levels it

becomes cumbersome to write down not only which actions are ready and take place, but also which

a c t i o n s a r e n o t r e a d y , a n d w h e n t h e p r o c e s s w a i t s . P e r h a p s e v e n a n o n - m o n o t o n i c l o g i c w i t h a

construction for invoking a Closed World Assumption [R

E I78] could be used (e.g., �

� R(a,t) holds,

unless

R(a,t) is explicitly stated.�). But a good understanding of RTL is obviously crucial, before this

higherlevellogiccanbedefined.

REFERENCES

.[ B

AB 9 0 ] J . C . M . B

A E T E N

& J . A . B

E R G S T R A

,P r o c e s s a l g e b r a w i t h a z e r o o b j e c t , i n : P r o c .

CONCUR’90, Amsterdam (J.C.M. Baeten & J.F. Groote, eds.), Springer LNCS 458, 1990, pp. 83-

9 8 .

[ B

AB 9 1 ] J . C . M . B

,R e a l t i m e p r o c e s s a l g e b r a ,

F o r m a l A s p e c t s o f

Computing 3 (2), 1991, pp. 142-188.

[ B

AB92a] J.C.M. B

AETEN

& J.A. B

,Discrete time process algebra (extended abstract), i n

Proc. CONCUR’92, Stony Brook (W.R. Cleaveland, ed.), Springer LNCS 630, 1992, pp. 401-420.

3 0 J.C.M. Baeten, J.A. Bergstra & R.N. Bol

[BAB92b] J.C.M. B

AETEN

& J.A. B

E R G S T R A

,Real space process algebra, report CSN 92/03, Dept.

of Computing Science, Eindhoven University of Technology 1992 or report P9206, Programming

Research Group, University of Amsterdam 1992. To appear in Formal Aspects of Computing.

[ B

AB K 8 6 ] J . C . M . B

A E T E N

, J.A. B

& J.W. K

L O P

,S y n t a x a n d d e f i n i n g e q u a t i o n s f o r a n

interrupt mechanism in process algebra,

Fund. Inf. IX (2), 1986, pp. 127-168.

[ B

AB K 8 7 ] J . C . M . B

& J . W . K

,R e a d y t r a c e s e m a n t i c s f o r c o n c r e t e

process algebra with priority operator,

British Computer Journal 30 (6), 1987, pp. 498-506.

[ B

AW90] J.C.M. B

& W.P. W

E I J L A N D

,Process algebra,

Cambridge Tracts in Theor. Comp.

Sci. 18, Cambridge University Press 1990.

[B

AZ82] J.W.

DEBAKKER

& J.I. Z

UCKER

,Processes and the denotational semantics of concurrency,

I&C 54, 1982, pp. 70-120.

[ B

EK84] J.A. B

,P r o c e s s a l g e b r a f o r s y n c h r o n o u s c o m m u n i c a t i o n ,

Inf. &

Control 60, 1984, pp. 109-137.

[ B

EK 8 6 ] J . A . B

,V e r i f i c a t i o n o f a n a l t e r n a t i n g b i t p r o t o c o l b y m e a n s o f

process algebra, in: Math. Methods of Spec. and Synthesis of Software Systems ’85 (W. Bibel & K.P.

Jantke, eds.), Springer LNCS 215, 1986, pp. 9-23.

[B

EK88] J.A. B

ERGSTRA

LOP,A complete inference system for regular processes with silent

moves, in: Proc. Logic Coll. 1986, Hull (F.R. Drake & J.K. Truss, eds.), North-Holland 1988, pp.

2 1 - 8 1 .

[B

ER92] C.H.

VAN

BERKEL

,Handshake circuits: an intermediary between communicating processes

and VLSI,

Ph.D. Thesis, Eindhoven University of Technology 1992.

[ B

RHR84] S.D. B

R O O K E S

, C.A.R. H

OARE

& A.W. R

O S C O E

,A theory of communicating sequential

processes,

J. ACM 31 (3), 1984, pp. 560-599.

[ B

R O92] M. B

R O Y

,Functional specification of time sensitive communication systems,

N A T O A S I

series, series F: computer and systems sciences, Vol. 88, pp. 325-367.

[ E

B E 8 9 ] J . C . E

B E R G E N

,T r a n s l a t i n g p r o g r a m s i n t o d e l a y - i n s e n s i t i v e c i r c u i t s ,

T r a c t 5 6 , C W I

Amsterdam1989.

[

VGL90] R.J.

GL A B B E E K

,The linear time — branching time spectrum, in: Proc. CONCUR’90,

Amsterdam (J.C.M. Baeten & J.W. Klop, eds.), Springer LNCS 458, 1990, pp. 278-297.

[G

RO92] J.F. G

ROOTE

, Personal communication, 1992.

[ H

AM 9 0 ] J . Y . H

A L P E R N

& Y . O . M

O S E S

,K n o w l e d g e a n d c o m m o n k n o w l e d g e i n a d i s t r i b u t e d

environment,

J. ACM 37, 1990, pp. 549-587.

[ H

DN84] M. H

E N N E S S Y

& R. DE NI C O L A

,Testing equivalences for processes,

TCS 34, 1984, pp.

8 3 - 1 3 4 .

[H

OA85] C.A.R. H

,Communicating sequential processes,

Prentice Hall 1985.

[K

AL86] A. K

ALDEWAIJ

,A formalism for concurrent processes,

Ph.D. Thesis, Eindhoven University

of Technology 1986.

[ K

OM 9 0 ] C . P . J . K

O Y M A N S

& J.C. M

U L D E R

,A m o d u l a r a p p r o a c h t o p r o t o c o l v e r i f i c a t i o n u s i n g

process algebra, in: Applications of Process Algebra (J.C.M. Baeten, ed.), Cambridge Tracts in Theor.

Comp. Sci. 17, Cambridge University Press 1990, pp. 261-306.

[ K

O Y89a] R.L.C. K

,Specifying message passing and time-critical systems with temporal

logic,

Ph.D. Thesis, Eindhoven University of Technology 1989.

[K

OY89b] R.L.C. K

OYMANS

,Specifying message passing systems requires extending temporal logic, in: Proc. Temporal Logic in Specification (B. Banieqbal, H. Barringer & A. Pnueli, eds.), Springer

LNCS 398, 1989, pp. 213-223.

[ M

AP92] Z. M

A N N A

, A. P

N U E L I

, The temporal logic of reactive and concurrent systems,

S p r i n g e r

Verlag 1992.

Arealtimeprocesslogic 3 1 [MEY85] J.-J. C

H. MEYER

,Merging regular processes by means of fixed point theory,

TCS 45, 1985,

pp. 193-260.

[M

IL89]R.M

ILNER

,Communicationandconcurrency,

PrenticeHallInternational1989.

[ O

L D91] E.-R. O

L D E R O G

,Nets, Terms and Formulas

, Cambridge Tracts in Theor. Comp. Sci. 23,

Cambridge University Press 1991.

[ O

LH83] E.-R. O

LDEROG

& C.A.R. H

O A R E

,S p e c i f i c a t i o n - o r i e n t e d s e m a n t i c s f o r c o m m u n i c a t i n g

processes, in: Proc. ICALP 83 (J. D�az, ed.), Springer LNCS 154, 1983, pp. 561-572.

[ P

A R85] J. P

A R R O W

,Fairness properties in process algebra - with applications in communication

protocol verification,

Ph.D. Thesis, Uppsala University 1985.

[ P

H I87] I.C.C. P

H I L I P S

,Refusal testing,

TCS 50, 1987, pp. 241-284.

[P

NU85] A. P

NUELI

,Linear and branching structures in the semantics and logics of reactive systems, in: Proc. ICALP 85 (W. Brauer, ed.), Springer LNCS 194, 1985, pp. 15-32.

[R

EI78] R. R

EITER

,On closed world databases

, in: Logic and Databases (H. Gallaire and J. Minker,

eds.), Plenum Press, 1978.

[R

ER88] G.M. R

EED

& A.W. R

OSCOE

,A timed model for communicating sequential processes, TCS

58, 1988, pp. 249-261.

[R

EM83] M. R

EM,Partially ordered computations, with applications to VLSI design, in: Proc. Found.

of Comp. Sci. IV.2 (J.W. de Bakker J. van Leeuwen, eds.), MC Tract 159, Math. Centre, Amsterdam

1983, pp. 1-44.

[S

NE85] J.L.A.

VAN DE

SNEPSCHEUT

,Trace theory and VLSI design,

Springer LNCS 200, 1985.

[ U

D D86] J.T. U

D D I N G

,Classification and composition of delay-insensitive circuits,

P h . D . T h e s i s ,

Eindhoven University of Technology 1986.

[ V

I N9 0 ] E . P . DE VI N K

,D e s i g n i n g s t r e a m b a s e d s e m a n t i c s f o r u n i f o r m c o n c u r r e n c y a n d l o g i c

programming,

Ph.D. Thesis, Free University, Amsterdam 1990.