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Chapter 1

Intr oduction

1.1 Scopeand Objectives

• thiscourseis intendedto introduceall featuresof LOTOS

• thecourseconformsto thedefinitionof LOTOS givenin theInternationalStandard(publishedin 1989)

• thecourseis intendedfor usersof LOTOS,mainlythosewhowishtoreadandunderstandLOTOSspecifications;
the coursethereforeconcentrateson developingan intuitive graspof the languageby presentingbasic
concepts,backedupby suggestiveexamples

• to the uninitiated,formal languages(andLOTOS is no exception)appearabstruseand impenetrable;it is
hopedthatreaderswhocompletethiscoursewill haveovercometheir ‘cultureshock’,andwill feel ableto
pick upspecificationsin LOTOSandgetsomethingout of them

• it shouldberecognised,however, thatLOTOSis aformal language;anintuitiveunderstandingof thelanguage
is thereforenota substitutefor understandingtheimplicationsof theformalsemanticswhichunderlieit

• thiscourseis thereforeonly anintroductionto LOTOS asdefinedin theISOstandard

• throughoutthecourse,copiousexampleshavebeenused;thesehaveintentionallybeenkept light (and,at
times,whimsical)in anattemptto keeptheinterestof thereader;it wouldbewrongto concludethatLOTOS

wasapplicableto toy problemsonly

• thereaderof thecourseis encouragedto try theexamples;equally, thereaderis encouragedto manufacture
otherexampleswhich arerelevantto day-to-daywork; thereadershouldavoid trying to specifyanything
toocomplexatfirst

1.2 Background and Context

1.2.1 OSI

• ISO(InternationalStandardisationOrganisation) is producingStandardsfor OSI (OpenSystemsIntercon-
nection) in responseto the demandsof manufacturersand usersfor compatibleinterconnectionof data
processingequipment

• OSI is a major 10-yeareffort, with thousandsof man-yearsin designandspecificationto producea rich
varietyof telecommunicationsstandardsfor interconnectionof heterogeneousequipment

• for the goal of compatibleinterconnectionto be achieved,preciseand clear specificationsare needed;
however, thevastmajorityof ISOspecificationsarecurrentlyin naturallanguage

• therearemajorproblemsin achievingcompatibleinterconnection:

1



2 CHAPTER1. INTRODUCTION

– how can ISO ensurethat thousandsof implementersworld-wide will interpretOSI standardsin a
compatibleway?

– who will provide the definitive interpretationwhen the original developersof the standardshave
dispersed?

1.2.2 Formal Description Techniques

• thescaleandcomplexityOSI led to theformationof a groupto standardiseformalspecificationlanguages
for OSI

• ISOdevelopedFDTs (FormalDescriptionTechniques) to providethebasisfor unambiguousinterpretation
of standards

• FDTs arerequiredto help:

– specifiers— precision,conciseness,clarity, verifiability

– implementers— avoidanceof over-specification,clearguidanceasto what,not how

– testers— isolationof implementationoptions,basisof rigoroustestingagainstspecifications

• work in ISOcommitteeSC21/WG1(OSIArchitecture) wasestablishedin orderto developFDTs for OSI

• initially, around20differenttechniqueswereproposed,in two broadcategories:

– finite state-machinetechniques,which led to ESTELLE(ExtendedFinite State-MachineLanguage)

– algebraictechniques,which led to LOTOS(LanguageOf TemporalOrderingSpecification)

• threeFDT Sub-Groupsweresetup:

– A - Architecturalaspectsof FDTs

– B - ESTELLE

– C - LOTOS

• alatercollaborationonFDTswassetupwith SGX/WP3of CCITT (InternationalTelephoneandTelegraph
ConsultativeCommittee)

• CCITT havealsostandardisedSDL (SpecificationandDescriptionLanguage)

• thenetresultis thattherearethreeofficially-recognisedFDTs in ISOandCCITT

1.2.3 Developmentof LOTOS

• Sub-groupC initially adoptedCCS(Calculusof CommunicatingSystems)

• somenotationwaslaterintroducedfrom CSP(CommunicatingSequentialProcesses)

• thedevelopmentof LOTOSwasbasedonarchitecturalprinciples

• a prototypeof thelanguagewasusedonsampleOSIStandards,leadingto improvementsin thelanguage

• theACT ONE datatyping languagewasaddedto allow formalandabstractspecificationof datatypes

• LOTOS is thefirst pieceof mathematicsto bestandardisedinternationally

• anInternationalStandard(8807)for LOTOSwascompletedin August1988,after8 years’work!
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1.2.4 The Natureof LOTOS

• LOTOS is aspecificationlanguage, with a formalbasis

• ESTELLE andSDL aresemi-formalimplementationlanguages, usefulfor describingreferenceimplementa-
tionsof OSIstandards

• LOTOS is widely supportedby academicinstitutionsworld-wide,andhassignificantindustrialsupport

• LOTOS wasdesignedfor the specificationof OSI systems,but is equallysuitablefor the specificationof
concurrentor distributedsystemsgenerally

• theformalbasisof LOTOSensuresprecisionandanalysability;however, this is boughtatthepriceof needing
specialtrainingin thelanguage,andmorebrain-work to understandLOTOS specifications

• usingLOTOS demandstimeandattention:

– specificationlanguageshaveadifferentphilosophyfromprogramminglanguagesandnaturallanguages

– expressingoneselfpreciselyrequiresdiscipline

– thinkingaboutwhatonereallymeansis hardwork

1.2.5 Application of LOTOS

• LOTOS hasbeenusedmainlyonOSI,but this is notanintrinsic limitation

• LOTOS is applicableto sequential,concurrent,anddistributedsystemsgenerally

• the following LOTOS specificationsof OSI havebeenwritten (CL = Connection-Less, CO = Connection-
Oriented)

– Application Layer : FTAM (File TransferandManipulation)andACSE(AssociationControl Service
Elements)

– PresentationLayer : somework (CO)

– SessionLayer : complete(CO)

– Transport Layer : complete(CO)

– Network Layer : Service(CL, CO)andProtocol(CL)

– Data Link Layer : Service(CL, CO)

• LOTOSis beingusedonnewOSIdevelopments(e.g.ODP(OpenDistributedProcessing) andOSIManage-
ment)

1.2.6 RelatedFormal Languages

• LOTOS is analgebraicspecificationlanguage,whichincludesabstractdatatypelanguagessuchasACT ONE,
andprocessalgebrassuchasCSPandCCS

• notablefeaturesof LOTOS are:

– its integrateddatatypingandbehaviouralmodelling

– its handlingof non-determinismandconcurrency

– its orientationtowardsOSI

• LOTOS datatyping is similar to otherlanguagessuchasCLEAR andOBJ

• LOTOS usesCSP-like notationfor events,‘!’ and‘?’, but thesearemorethanjust ‘input’ and‘output’

• this givesLOTOS powerful synchronisationfeaturesnot in CCS or CSP(e.g. multi-way synchronisationor
valuenegotiation)
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• LOTOS gatescorrespondto CSPchannels;LOTOS processesinteractsynchronously, justasin CSPandCCS

• in LOTOS, unlike in CCSandCSP, it is gatesnot wholeeventswhicharehidden,passedasparameters,etc.

• LOTOS hasa ‘kind choice’operation(CSP‘[ ]’ or CCS‘+’)

• LOTOS doesnothavetheCSPnon-deterministicchoiceoperation‘ u’

• for non-determinism,LOTOS follows theCCSapproachof aninternalevent(CCS‘ø’)

• LOTOS hasenablinganddisablingoperatorsin additionto basicCCSor CSPones

• LOTOS hasCSPparallelcomposition,which forcessynchronisation:thereis no needto restrictandhide
eventsfor synchronisation,asin CCS

1.3 Basicsof ProcessAlgebra

1.3.1 Processes

• a processis a componentof a specification;it is the abstractionof anactivity in an implementation,and
communicateswith otherprocesses

• a processis consideredto be a black-boxat somelevel of abstraction;only the externalbehaviourof a
processis considered

• processesshareacommunicationmechanismcalledaninteractionpoint, asshownin Figure1.1; this is the
abstractionof aninterfacein animplementation

'

&

$

%

'

&

$

%

process process

interaction point
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Figure1.1: InteractionPoint

• in LOTOS, thespecificationconceptof interactionpoint correspondsto the languageconceptof eventgate
(or justgate)

• processesarespecifiedby giving abehaviourexpressionwhichdefinestheirexternallyvisiblebehaviourin
termsof thepermissiblesequencesof eventsin whichtheymayparticipate

• in thesecoursenotes,processesaregivenupper-casenamessuchas:

ACTIVATE_ALARM DATA_ TRANSFER

1.3.2 Events

• aneventrepresentsa synchronisationbetweenprocesses

• aneventoffer representstheability of oneprocessto participatein anevent;eventsexternalto aprocessare
resolvedin conjunctionwith theenvironmentof theprocess

• aneventnormallyrequirestheparticipationof two or moreprocesses;threekindsof eventarepossible:
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– pure synchronisation- novaluesareexchangedbetweentheprocesses

– valueestablishment- oneor moreprocessessupplya specificvaluewhichlies in thesetacceptableto
theotherprocess(es)

– valuenegotiation- two or moreprocessesagreeona setof values

• eventsareconsideredto beatomic, i.e. at thelevel of abstractionof thespecification,thesynchronisation
of theprocessesandtheassociatedinformationareestablishedat thesametime; in animplementation,an
eventmayof coursecorrespondto a sequenceof elementarysteps

• thesetof eventsin whicha processcanpotentiallyparticipateis calledthealphabetof theprocess

• thesetof eventsin whichaprocesscanimmediatelyparticipateatanypointin theunfoldingof its behaviour
is calledthe initials of theprocess

• in theearlierpartsof thesenotes,eventswith only aneventgateareconsidered;morecomplexstructures
for eventsareconsideredlater

• a behaviourexpressionis evaluatedin an environmentwhich offers it eventsto synchroniseon; the
environmentmaybeanotherbehaviourexpressionwhichit is combinedwith, or maybesomethingexternal

• if synchronisationoneventoffersfrom theenvironmentis notpossible,deadlockhasoccurred(cf. a deadly
embraceor a terminatedprocess)

• if noeventsareofferedby a behaviourexpression,livelockhasoccurred(cf. looping)

• in thesecoursenotes,eventsaregivenlower-casenamessuchas:

timer_ expired ready

1.3.3 Temporal Ordering

• specificationsin LOTOS givethe temporalorderingof events,i.e. therelativeorderingof eventsin time

• LOTOS abstractsawayfrom absolutetiming considerations,e.g. thataneventmustoccurat a specifictime
or aftera specificperiod

• LOTOSspecificationsuseoperatorswhichcombinebehaviourexpressionsto yield morecomplexbehaviour
expressions;theseoperatorsobeywell-definedlawswhichenableanyspecificationto beinterpretedunam-
biguously

• thedatatypingpartof LOTOSis givensemanticsusingthetheoryof algebras;LOTOSoperatorsfor combining
behaviourexpressionscanbeshownto satisfyalgebraiclawswhichcharacterisethem

• aconvenientdiagrammaticnotationfor thinkingaboutbehaviourin languageslike LOTOS is thesynchroni-
sationtree, asshownin Figure1.2

?

occurrenceof anevente e

�

�	

@

@R

choicebetweeneventse1 or e2 e1 e2

Figure1.2: SynchronisationTree
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1.4 Background Needed

1.4.1 Differ encesfr om Programming

• surprisinglylittle technicalknowledgeis neededto achievesomefamiliarity with LOTOS a numerateback-
ground,with a smallamountof basicmathematicsandcomputing,is probablysufficient

• aknowledgeof programminglanguageswill alsohelp,butbewarethatLOTOSbeingaspecificationlanguage,
treatssomeconceptsin a fundamentallydifferentway

• variables in LOTOS aremathematicalvariables: they aresimply nameswhich happento be boundto a
particularvaluein particular, onedoesnotassigna valueto aLOTOSvariableasonemightassignavalueto
a storelocation;in LOTOS onecannotwrite, for example:

x := x + 1

onemustin effect definea newvariable(x′ , say)which is boundto thevalueof theold x plus1

• recursionin programminglanguagesisusuallythoughtof in termsof astackwhichrecordsreturnaddresses;
a well-behavedprogramunwindsthisstackbeforecontinuing

• in LOTOS, however, onemay exit from within a recursivepieceof behaviourto do somethingcompletely
different; this is becauserecursionin LOTOS is equivalentto replacinga recursivecall with a copy of the
textdefiningthebehaviour

• efficiencyis an importantconsiderationin programming,but is not appropriatein LOTOS; oneshouldnot
think of ‘implementing’LOTOS literally, andmustthereforenotbeconcernedaboutmattersof efficiency

• a goodspecificationclearlydefineswhatandnothow; thiscontrastssharplywith programming,whereone
frequentlymakesdesigndecisionsto optimisetheuseof store,processor, etc.

• over-specificationmustbecarefullyavoidedin LOTOS; onemustalwaysconcentrateonexternalrequirements
andblack-boxbehaviour, notstructuresor algorithmsto implementthese

• for example,oneshouldspecifya queuein termsof the operationson it (enqueue,dequeue,head,etc.)
ratherthanin termsof linked-lists,algorithmsfor skippingdownthequeue,etc.

1.4.2 Setsand Relations

• a setcanbethoughof asanunorderedcollectionof elementsin which duplicatesareignored(this glosses
overcertainmathematicalniceties)

setsareusuallywritten in curly brackets,for example:

{Kenneth;John;Turner}

• theemptyset, {}, hasnoelements

• eachelementin asetis amemberof thatset;onesetis includedin anotherif its membersarealsomembers
of theotherset;thefirst suchsetis asubsetof thesecond

• two setsareequalif theyhavethesamemembers(i.e. eachis a subsetof theother)

• the cartesianproductof a numberof setsis the setof all tuples(orderedlists) drawnfrom the sets;the
symbol× is usedfor this ‘multiplication’ operation,for example:

{run; fall } × {down;off; out}

is:

{< run; down>; < run; off >; < run; out >; < fall; down>;

< fall; off >; < fall; out> }
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• thepowerset, P, of asetis thesetof all its subsets;for example:

P{p; i; g}

is:

{{}; {p}; {i}; {g}; {p; i}; {p; g}; {i; g}; {p; i; g}}

• a relation betweentwo setsis a setof orderedpairsof elementsfrom the two sets(it is a subsetof their
cartesianproduct);for example,Figure1.3correspondsto:

{< lemon;yellow>; < lime;yellow>; < lime;green>; < apple;green>;

< apple;red>; < longan;stramineous> }

lemon

apple
lime

persimmon
longan

yellow

green
red

heliotrope
stramineous

Figure1.3: Exampleof a Relation

1.4.3 Functions

• a function is a relationwhich mapsan elementin oneset to exactlyoneelementin anotherset (several
elementsmaygetmappedontothesameelement)

• thesetto whichthefunctionis appliedis its domain; thethesetto whichthefunctionmapsis its codomain;
thefollowing mathematicalnotationis usedfor this:

F : D → C

whereF is thefunction,D is its domain,andC is its codomain

• a functionmayalsomapfrom severalsetsto severalsets;for example,in integerarithmetic:

divide : dividend× divisor → quotient× remainder

which hasas‘arguments’thenumberto bedividedandthedivisor itself, andhasas‘results’ thequotient
andremainder

• however, functionsin LOTOS areallowedto haveonly onenamedsetascodomain;onesolutionto this is to
defineseparatefunctionsfor eachcodomain;for example:

divquot: dividend× divisor → quotient

divrem: dividend× divisor → remainder

suchfunctionsarecalledoperationsin LOTOS
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• a total functionor operationgivesa mappingfor eachelementin its domain,otherwiseit is partial

• anassociativeoperationis onein which thebracketingis irrelevant;for example,in ordinaryarithmetic:

(a × b) × c = a × (b × c)

andsomaybewrittenwithoutambiguityas:

a × b × c

• acommutativeoperationis onein whichtheorderof theoperandsdoesnotmatter;for example,in ordinary
arithmetic:

a × b = b × a

1.4.4 Syntax and Semantics

• syntaxis usuallyexpressedusinga grammar; this consistsof a setof rulesin whichnon-terminalsymbols
(variablesof thegrammar)aredefinedin termsof non-terminalsymbolsandterminalsymbols(constantsof
thegrammar)

• thedefinitionof LOTOS syntaxincludesthefollowing constructs:

– recursionis expressedby, for example:

echo= " hello" echo

which definesecho to be hello (a terminalsymbol) followed by echo; in other words,echo is an
unboundedrepetitionof hello

– a choiceis expressedby, for example:

mood= happy| sad

– anoptionalpartof a rule is expressedby, for example:

sentence= subjectverb[object]

whichsaysthatzeroor oneoccurrencesof object areallowed

• a setof derivationrules is a systemof logic for dealingwith inferences;sucha systemis usedto express
thesemanticsof LOTOS operators

• a derivationsystemhasa setof axioms(logical formulaefrom which othersare derived),and a set of
assertions(logical formulaewhichmayor maynot bederivable)

• a logical formulais derivedby applyinginferencerulesof theform:

P1; ::: ; Pn

Q

meaningthat,givenP1 up to Pn, Q maybederived

• theshorthandnotation:

` P

meansthatP canbederivedfrom theaxiomsandtheinferencerules
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1.5 Summary

• LOTOS is a formal specificationlanguagebeingdevelopedby ISOfor thespecificationof OSI Standards

• LOTOS is generallyapplicableto thespecificationof concurrentanddistributedsystemsgenerally

• LOTOS is an algebraicspecificationlanguagewhich describessystemsby giving their externallyvisible
behaviourin termsof thepermissiblesequencesof eventstheymayparticipatein

• LOTOS specificationsconsistof behaviourexpressions(oftengeneralisedasprocesses) which synchronise
oneventsatgates

• eventsmaybepure synchronisation, valueestablishment, or valuenegotiation

• thealphabetof a behaviourexpressionis thesetof all its potentialevents,whereasits initials arethoseit
canimmediatelyoffer
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Chapter 2

BasicProcessExpressions

2.1 Sequence

• the sequentialcompositionoperator ‘;’ is usedto prefix a behaviourexpressionwith an eventcalledan
actionprefix; for example:

button_pressed;RING_BELL

• actionprefixesassociateto theright; for example:

connect_request;connect_confirm;data;DISCONNECT

means:

connect_request;(connect_confirm;(data;DISCONNECT))

• thealphabetof thisbehaviourexpressionis:

{connect_ request;connect_ confirm;data}

pluswhatevereventstherearein DISCONNECT

2.2 Choice

• thechoiceoperator‘[]’ is usedwhenalternativebehavioursareallowed;for example:

(lift_ arrived;ENTER)[] (lift_ broken;USE_STAIRS)

• choiceis associative(asonewouldexpect);for example:

EAT [] DRINK [] BE_MERRY

11
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meansthesameas:

(EAT [] DRINK) [] BE_MERRY

and:

EAT [] (DRINK [] BE_MERRY)

butnoticethatonecannoteat,drink, andbemerry!

• choiceis alsocommutative(asonewouldagainexpect);for example:

PAY_ A_ FINE [] TAKE_ A_ CHANCE

meansthesameas:

TAKE_ A_ CHANCE[] PAY_ A_ FINE

• theinitials of thebehaviourexpression:

(lunch_bell; EAT) [] (boss_here;WORK) [] (fire; PANIC)

are:

{lunch_bell; boss_here;fire}

• in thestraightforwardcase,thechoicebetweenalternativesis resolvedby theenvironmentof theprocess;
in theexampleabove,if theenvironmentoffersonly fire thentheprocesswill PANIC

• morecomplicatedcasesinvolving non-determinismareconsideredlaterin thesenotes

2.3 Parallelism

2.3.1 Interleaving

• the interleavingparallel compositionoperator‘ |||’ is usedto allow behavioursto unfold completelyinde-
pendentlyin parallel;theeventsfrom eachbehaviourexpressionareinterleaved

for example:

(data_in; data_out;BUFFER)||| (read;mark;digest;BOOK)

includesthefollowing behaviours:

data_ in; read;mark;data_out;digest:::

read;mark;digest;data_ in:::

• ‘ |||’ is associativeandcommutative(asonewouldexpect,in ordertocapturetheintuitiveconceptof running
in parallel)
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2.3.2 Synchronisation

• thesynchronisingparallel compositionoperator‘ ||’ is usedwherethereareeventsthatneedto besynchro-
nised;in thiscasetheevents(strictly, gates)whichoccurin eitherof thebehaviourexpressionsareobliged
to synchronise

for example:

(bang;start;finish;ATHLETE)
||

(bang;start;finish;STARTER)

mayengagein thefollowing sequenceof events:

bang;start; finish;:::

• if onlycertaineventsaretobesynchronised,the‘ |[::: ] |’ formof theoperatoris used,with theevents(strictly,
gates)namedbetween‘[’ and‘]’; for example:

(off_ hook;dial; answer;speak;on_hook;TELEPHONE)
|[dial] |

(find_number;dial; engage_brain;speak;CALL)

will synchroniseonly on the dial event,andwill allow speak in the secondbehaviourexpressionbefore
answerandafteron_hook in thefirst behaviourexpression(a possiblyrealisticsituation)

• ‘ |[::: ] |’ with an explicit empty list, or with no gateswhich occur in the two behaviourexpressions,is
equivalentto ‘ |||’

• ‘ |[::: ] |’ with anexplicit list which is in fact theunionof thetwo setsof gatesis equivalentto ‘ ||’

• like ‘ |||’, ‘ ||’ or ‘ |[::: ] |’ is associativeandcommutative

• parallelcompositioncanbeusedto expressindependentconstraints;for example,theconstraints‘breakfast
mustprecedelunch’ and‘lunch mustprecededinner’ canbeexpressedby:

(breakfast;lunch;AM) |[lunch]| (lunch;dinner;PM)

thisallowsa separationof concerns,not to mentioneatinghabits!

2.4 Termination

2.4.1 Inaction and Success

• thesimplestbehaviourexpressionis ‘stop’, whichoffersnoeventsandthereforedoesnothing;it is usedto
representinactionor deadlock

• successfulterminationof abehaviourexpressionis representedby ‘exit’, whichoffersa specialevent¡ and
thenbehavesasstop

• ¡ is partof theunderlyingmathematicalmodelof LOTOSandis notaneventwhichcanbeexplicitly offered;
¡ mayalsobeanimplied initial of a behaviourexpression
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• successfulterminationof a sequence(usingthe‘;’ operator)dependson whethertheright-mostbehaviour
expressionis stopor exit

for example:

clock_in; clock_out;exit

mayterminatesuccessfully, but:

born;died;stop

cannot

• successfulterminationof a choice(usingthe‘[]’ operator)dependson thesuccessfulterminationof oneof
thebehaviourexpressions;for example:

(fail; stop) [] (catastrophe;stop)

cannot terminatesuccessfully, but:

(lift_ off; exit) [] (armageddon;stop)

maysucceed

• successfulterminationof a parallelcomposition(usingthe ‘ |||’, ‘ ||’, or ‘ |[::: ] |’ operators)dependson the
successfulterminationof all of thebehaviourexpressions;for all theseoperators,the specialtermination
event¡ is alwayssynchronised— evenin thecaseof ‘ |||’

for example:

(finished;exit) ||| (done;exit)

mayterminatesuccessfully

2.4.2 Enabling

• as a generalisationof the ‘;’ operator, which is usedfor the sequentialcompositionof an eventand a
behaviourexpression, the ‘>> ’ operator(pronouncedenables) combinestwo behaviourexpressionsin
sequence

for example,if processSHOPis:

visit_shop;buy_food;come_home;exit

andprocessEAT is:



2.4. TERMINATION 15

cook_food;eat_food;stop

thentheprocessDINE, definedby:

SHOP>> EAT

denotesthepossiblesequenceof events:

visit_shop;buy_ food;come_home;cook_ food;eat_food

• exit (i.e. the¡ event)is absorbedby a following ‘>> ’

• if theleft-handbehaviourexpressiondoesnot terminatesuccessfully,theright-handbehaviourexpression
will notapply;for example:

(prime_5; prime_7; (prime_9; stop [] exit)) >> (prime_11; exit)

cansuccessfullyterminateafterthesequenceof events:

prime_5; prime_7; prime_11

butwill deadlockafterthesequenceof events:

prime_5; prime_7; prime_9

• ‘>> ’ is associative,but is not of coursecommutative

2.4.3 Disabling

• a frequentoccurrencein specificationsis the needto specify behaviourwhich may be interruptedby
somethingelse(e.g.disconnectionmayterminatedatatransfer)

• the ‘[ > ’ operator(pronounceddisabledby) allows the right-handbehaviourexpressionto interrupt the
left-handbehaviourexpression;if this happens,the future behaviouris that of the right-handbehaviour
expressiononly

• if theleft-handbehaviourexpressionterminatessuccessfully,thenthecombinationalsoterminatessuccess-
fully (i.e. disablingis no longerpossible);this is to allow for contingencies

for example:

(send_data;reset_timer; receive_acknowledgement;exit)
[>

(timer_expired;sound_alarm;stop)

mayterminatesuccessfullyif anacknowledgementis receivedto a message,but maysoundanalarmif no
acknowledgementis receivedwithin sometimeperiod
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• bewarethatbehaviourmaybedisabledbetweenits ‘last’ eventandstopor exit

thus,in theexampleabove,timer_ expiredmayoccurbeforereset_ timer andafterreceive_acknowledgement;
thiscouldberealisticin anactualimplementation

• theleft-handbehaviourexpressionis oftennon-terminating(iterativeor recursive),andtheright-handone
is oftenaclosing-downbehaviourexpression;for example:

DATA_ TRANSFER[> DISCONNECTION

• ‘[ > ’ is associative,but is not of coursecommutative

2.5 Non-Determinism

2.5.1 Non-Determinismdue to Choice

• theeventsin a processspecificationareeventoffers; theactualeventswhichhappenmaybeinfluencedby
theenvironmentof theprocess

for example:

(wake_up; MAKE_ COFFEE)[] (open_wine;GET_DRUNK)

will resultin MAKE_COFFEEor GET_ DRUNK dependingon thesobrietyof theenvironment

• however, identicaleventsmay be offeredasalternatives:in this case,the environmentcannotinfluence
whichbranchis taken;thechoiceis madenon-deterministically

for example:

(eat_out;CHINESE_MEAL) [] (eat_out; INDIAN_ MEAL)

will resultin CHINESE_ MEAL or INDIAN_MEAL after the environmenthasofferedeat_out, andcannotbe
influenced

• non-determinismis bestunderstoodby consideringthesynchronisationtreefor thebehaviour;for example:

(a;b; stop) [] (a; c; stop)

hasthesynchronisationtreeshownin Figure2.1

�

�	

a @

@R

a

?

b
?

c

Figure2.1: SynchronisationTreewith Initial Choice

but:
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a; ( (b; stop) [] (c; stop) )

hasthesynchronisationtreeshownin Figure2.2

?

a

�

�	

b @

@R

c

Figure2.2: SynchronisationTreewith DeferredChoice

• in thefirst case,theenvironmentoffersa but hasnochoiceasto whatfollows: it maybeofferedb or c; in
thesecondcase,theenvironmentcanstill decideonb or c afterofferinga

2.5.2 Hiding

• LOTOS supportstop-downdecompositionof behaviour:processes(specificationcomponents)canbepro-
gressivelydecomposedinto simplerprocesses

• however, it is importantthat the detailsof this decomposition(in particular, any internalevents)arenot
visibleata higherlevel

• thehiding operator ‘hide ... in’ is thereforeusedto hideevents(strictly, gates)which areinternalto the
behaviourof a system;for example:

(begin;middle;exit) |[middle]| (middle;end;exit)

mayengagein thesequenceof events:

begin;middle;end;¡

but:

hide middlein ( (begin;middle;exit) |[middle]| (middle;end;exit) )

mayengagein only:

begin;end;¡

2.5.3 Internal Events

• a hiddeneventis representedby i, theinternalevent;i maybeaninitial of a behaviourexpression

for example:

hide secondin (first; second;third; stop)
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mayengagein:

first; i; third

• the internal event representsnon-determinismsincethe environmentmay not influenceit; becausethe
internaleventmayaffect subsequentbehaviourdueto aninternalchoiceit is usefulto representit because
it ‘explains’why a particularbehaviourhappened

for example:

WORK [] (i; GO_TO_BED)

indicatesthat GO_TO_BED mayhappenwithout WORK beinganoption; the i representsa decisionwhich
cannotbeinfluencedby theenvironment

thismightarisefrom:

hide dawn_chorusin ( WORK [] (dawn_chorus;GO_TO_BED) )

• oncetheinternaleventhasoccurred,only thebehaviourfollowing it is allowed

• it is quitelegitimatefor all branchesto be‘protected’with ani; for example:

(i; WORK) [] (i; STRIKE)[] (i; GO_ON_HOLIDAY)

• theinternaleventis oneway of expressingimplementationfreedom(wheretherearedifferentwaysto do
something),or someinternaldecision(whichit is notappropriateto spelloutatagivenlevelof abstraction)

• internaleventsareindistinguishablefrom eachother

• whenexit combineswith ‘>> ’, theresultis thatthe¡ eventturnsinto aninternalevent

2.5.4 Behaviour Equivalence

• the introductionof the internaleventraisesquestionsof whentwo behaviourexpressionsmeanthe same
thing

• twobehaviourexpressionsareisomorphicif theycanbetransformedintoeachotherbysystematicrenaming;
for example:

(slithy; slithy; mimsy;BOROGOVE)
[]

(mimsy;slithy; BOROGOVE)

is isomorphicto:

(lubricilleux; lubricilleux; enmime;GOUGEBOSQUET)
[]

(enmime;lubricilleux; GOUGEBOSQUET)
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• two behaviourexpressionsareobservationallyequivalentif they exhibit thesamebehaviourignoringthe
internalevents;underthis equivalence,anyfinite sequenceof internaleventscanbeignoredexceptin the
contextof a choice

for example:

aye;i; i; EYE

is observationallyequivalentto:

aye;EYE

for example:

(a; i; b; exit) >> ( (c; stop) [] (d; i; exit) )

is observationallyequivalentto:

a; b; ( (c; stop) [] (d; exit) )

• aninfinite sequenceof internaleventsis calledinfinite chatterandcorrespondsto livelock; for example,a
processLIVELOCK maybedefinedas:

hide beepin ( beep;LIVELOCK )

• observationalcongruenceholdswhenonebehaviour expressioncanbesubstitutedfor anotherinall contexts;
for example:

i; PROC1

is notobservationallycongruentto:

PROC1

becauseit changestheoverallmeaningwhensubstitutedfor it in acontextsuchas:

PROC1[] PROC2
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2.6 Behaviour Definitions

2.6.1 Definition and Instantiation

• a processis givena nameandparametersby a behaviourdefinition; for example:

processGIVE_LECTURE
[write_notes,give_lecture,understand_subject]: exit :=

write_notes;give_lecture;understand_subject;exit

endproc

• a processmayoptionallybefollowedby a list of events(strictly, gates)inside‘[...]’

• thekeywordexit is usedin theheadingline if theprocessmay terminatesuccessfully;noexit is usedif it
canneverterminate

• the behaviourdefinition gives formal parametersto the process;the processis referredto in a process
instantiationby giving actualparameterssuchas:

GIVE_LECTURE
[plagiarise_notes_by_Ed , lecture_at_Stirling, understand_LOTOS]

• a processmayalsobeoptionallydefinedto haveparametersandresults;for example:

processPROC[gates](parameters): exit (results):=

...

endproc

this is coveredin detaillaterin thesecoursenotes

2.6.2 Recursion

• a processmayreferto itself in its definition;for example:

processPRESS_UP [up, down] : noexit :=

up;down;PRESS_UP [up, down]

endproc

• it is importantnotto thinkof thiskindof recursionin aprogramminglanguagesense:thereis no‘subroutine
stack’, which hasto be unwoundneatly; recursionis equivalentto repeatedtextual substitutionof the
definitionof a process
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• (tail) recursionis thewayof expressingiteration in LOTOS

• mutuallyrecursiveprocessesarealsoallowed;for example:

processFLIP [in_ 0, in_1, out_0, out_1] : noexit :=

in_1; FLOP[in_ 0, in_1, out_0, out_1]
[]

out_0; FLIP [in_ 0, in_1, out_0, out_1]

endproc

processFLOP[in_ 0, in_1, out_0, out_1] : noexit :=

in_0; FLIP [in_ 0, in_1, out_0, out_1]
[]

out_1; FLOP[in_ 0, in_1, out_0, out_1]

endproc

2.7 Summary

• basicLOTOS operatorsare:

sequence event;NEXT_PROCESS

enabling FIRST_PROCESS>> SECOND_PROCESS

choice POSSIBILITY[] POTENTIALITY

parallelism INTER ||| LEAVED

EITHER || ALPHABET

EXPLICIT |[subset]| ALPHABET

disabling HEALTH [> ACCIDENT

hiding hide top_secretin MI5

termination stop

exit

• thepossibilityof successfulterminationdependson thesuccessof oneprocessfor thechoiceoperator, and
all processesfor theparalleloperators

• non-determinismis expressedwhentheenvironmentis offeredachoiceof thesameevents,or with i (which
mayariseexplicitly or dueto hiding)

• observationequivalenceholdswhentwo processeshavethesamebehaviour, ignoring(finite sequencesof)
internalevents

• behaviourdefinitionsgiveprocessesnamesandparameters

processVOID [null] : noexit :=

null; stop

endproc
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2.8 Exercises

2.8.1 SynchronisationTree

• considerlettersto correspondto events,andwordsto correspondto sequencesof events

• constructa synchronisationtreewhichspellsthewords‘spa’, ‘stop’, ‘strap’, and‘strop’

• translatethis into LOTOS

2.8.2 One-ShotDictionary

• specifythe following application,which hasbeendevelopedto translateEnglishwordsinto both French
andGerman

• unfortunately, owing to shortageof developmentfunds,theonly wordswhich arecurrentlytranslatedare
‘cat’ (‘chat’, ‘Katze’) and‘dog’ (‘chien’, ‘Hund’)

• evenmoreunfortunately, dueto severeoverloadingof theCPUthesystemmanagerhasdecreedthata user
mayhaveonly oneword translatedeachtime theapplicationis used;after this, theapplicationterminates
successfully

• however, whentheapplicationwasbuilt it wasdesignedwith parallelprocessingin mind; theFrenchand
Germantranslationfunctionsthereforerunconcurrently

• finally, theuserhasoptionof killing theentireapplicationat anytime,resultingin theapplicationaborting

2.8.3 Events

• whatis thealphabetof thebehaviourexpression:

BUCKET_BRIGADE [from, to]
[>

BUCKET_KICKED [done]

giventhedefinitions:

processBUCKET_BRIGADE [input, output]: noexit :=

input;
output;
BUCKET_BRIGADE [input, output]

endproc

processBUCKET_KICKED [dead]: noexit :=

dead;
stop

endproc

• afterthefirst eventof thebehaviourexpression:
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UNGAINLY_ QUICKSTEP[lento,rapido,errore]

whatareits initials? UNGAINLY_QUICKSTEPis definedby:

processUNGAINLY_ QUICKSTEP[slow, quick,stumble]: noexit :=

slow;
(

slow; quick;quick;exit
[]

i; stumble;exit
)

>>
UNGAINLY_ QUICKSTEP[slow, quick,stumble]

endproc

• giveabehaviourexpressionwithout internaleventswhichis observationallyequivalentto:

I_ dont_see;i; to; i; with_him; stop

• giveabehaviourexpressionwithout internaleventswhichis observationallyequivalentto:

hide a in ( (i; a;B [a]) || (a;C [a]) )

• giveabehaviourexpressionwithout internaleventswhichis observationallyequivalentto:

(Paris;DANS) ||| (le; printemps;exit)
[]

hide le in ( (le; stop) |[le] | (le; printemps;exit) )

2.8.4 LOTOS-Speak

• it is reportedthatISOhasinstructedall nationalstandardsorganisationsto installLOTOS-Speakmachinesin
theirheadquarters

• thesemachinesaccepta 10ECU coinandthenuttera randomsentenceallowedby thefollowing grammar
(seesection1.4.4for thenotation):

sentence = noun_phraseverb_phraseadjective_phrase.
noun_phrase = " LOTOS" [" syntax" ] .
verb_phrase = " seems" | " proves" .
adjective_phrase = adverbadjective.
adverb = " really" | " unbelievably" .
adjective = " awful" | " wonderful" .
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• afterspeaking,themachineis willing to accepta newcoinandrepeattheabove

• unfortunately, themachinewasnot designedfrom a formal specificationandis liable to fail permanently,
issuingaargh once

• specifyprocesseswhosepermissiblesequencesof eventscorrespondto the sentencesthesemachinescan
utter

2.9 PossibleSolutions

2.9.1 SynchronisationTree

• thetreeshownin Figure2.3maybespecifiedas:

s;
(

(p; a; stop)
[]

(t;
(

(o; p; stop)
[]

(r;
(

(a;p; stop)
[]

(o; p; stop)
)

)
)

)
)

?

s
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�	

p @
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t
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Figure2.3: PossibleSynchronisationTree

2.9.2 One-ShotDictionary

• a possiblesolutionis:

(
(
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(cat;chat;exit)
[]

(dog;chien;exit)
)

|[cat,dog]|
(

(cat;Katze;exit)
[]

(dog;Hund;exit)
)

)
[>

(kill; stop)

• this is dividedupby language(FrenchtranslationandGermantranslation),butcouldalsobedividedupby
word(‘cat’ translationand‘dog’ translation)

2.9.3 Events

• from, to, done

• lento,i

• I_ dont_see;to; with_him; stop

• hide a in ( B [a] || C [a] )

• ( (Paris;DANS) ||| (le; printemps;exit) ) [] (printemps;stop)

2.9.4 LOTOS-Speak

processMACHINE
[ten_ECU,LOTOS,syntax,seems,proves,really, unbelievably, awful,

wonderful,aargh] : noexit :=

SENTENCE
[ten_ECU,LOTOS,syntax,seems,proves,really, unbelievably, awful,

wonderful]
[>

FAIL [aargh]

endproc

processSENTENCE
[ten_ECU,LOTOS,syntax,seems,proves,really, unbelievably, awful,

wonderful]: noexit :=

ten_ECU;
NOUN_PHRASE[LOTOS,syntax]

>>
VERB_PHRASE[seems,proves]

>>
ADJECTIVE_PHRASE[really, unbelievably, awful, wonderful]

>>
SENTENCE
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[ten_ECU,LOTOS,syntax,seems,proves,really, unbelievably, awful,
wonderful]

endproc

processNOUN_PHRASE[LOTOS,syntax]: exit :=

LOTOS;( (i; syntax;exit) [] exit)

endproc

processVERB_PHRASE[seems,proves]: exit :=

(i; seems;exit) [] (i; proves;exit)

endproc

processADJECTIVE_PHRASE
[really, unbelievably, awful, wonderful]: exit :=

ADVERB [really, unbelievably]
>>

ADJECTIVE[awful, wonderful]

endproc

processADVERB [really, unbelievably]: exit :=

(i; really; exit) [] (i; unbelievably;exit)

endproc

processADJECTIVE[awful, wonderful]: exit :=

(i; awful; exit) [] (i; wonderful;exit)

endproc

processFAIL [aargh] : noexit :=

i; aargh; stop

endproc
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BasicValueExpressions

3.1 Values

• sofar, eventsandeventgateshavebeentreatedassynonymous;processparametersandresultshavealso
notbeencovered

• LOTOS containsa data-typingsub-languagecalledACT ONE which allowsvariablesandvalueexpressions
suchas:

Number_of_Hackers

succ(succ(succ(0)))

Concurrency& Synchronisation

• in thesecoursenotes,variablesnamesaregiveninitial capitalssuchas:

Repeat_Count Data_Request

• LOTOSvariablesaremathematicalvariables: theyarenotassignedvalueslike astorelocation;theyrepresent
thebindingof a nameto a value

• anexpressionconsistsof constants, variables, andoperations

• a variableis givena valuein a bindingoccurrence; its scopeis generallythebehaviourexpressionwhich
follows its bindingoccurrence

• a sort is asetof values;thefollowing arecommonsorts:

Bool_Sort theBooleans(true, false)

Int_Sort theintegers(..., -1, 0, +1, ...)

Nat0_Sort thenon-negativeintegers(0, 1, ...)

Nat_Sort thepositiveintegers(1, 2, ...)

• a variableis givena sortwhenit is bound,for example:

27
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Bank_balance: Nat_Sort

Liquorice: All_ Sort

3.2 Local Definitions

3.2.1 Local Variables

• localvariablesmaybedefinedusingthe local definitionoperator‘ let ... in’; for example:

let E : Energy_Sort= M * SQR(C) in SPECIAL_RELATIVITY

let Salary: Nat_Sort= 50000,Blood_pressure: Nat_Sort= 140 in JOB

• asusual,thesortof a localvariableis givenin theselocaldefinitionsfollowing ‘:’

• thescopeof suchlocalvariablesis thebehaviourexpressionwhich follows in

• theclosestbindingdetermineswhich valueis denoted;for example,assumingdecimalnotationandarith-
meticin thefollowing:

let X : Int_Sort= 21 in
let Answer: Int_Sort= X+X in

let X : Int_Sort= 666 in
WITMOLTUAE (Answer)

theparametervaluefor processWITMOLTUAE is 42

3.2.2 Local Processes

• processesmayreferto otherprocesseswhicharepurelylocal to them,definedusing‘where’; for example:

processLIFE
[birth, puberty, death,marriage,children]: exit :=

BIOLOGY [birth, puberty, death]
|[puberty, death]|

FAMILY [puberty, marriage,children,death]

where

processBIOLOGY [birth, puberty, death]: exit :=

birth;
(

(puberty;stop)
[>

(death;exit)
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)

endproc

processFAMILY
[puberty, marriage,children,death]: exit :=

(
(

puberty;
(

(marriage;exit)
[]

exit
)

)
|[puberty]|

(
puberty;
(

(children;exit)
[]

exit
)

)
)

|[marriage]|
(

(marriage;stop)
[>

(death;exit)
)

endproc

endproc

notethatthis allowschildren beforemarriage andafterdeath; it alsoexcludesinfant deathin behaviours
whichdonot deadlock!

• thelocalprocessesmayreferenceeachotherandtheenclosingprocess;theenclosingprocessmayreference
thelocalprocesses

3.2.3 Domains

• events(strictly, gates)andvariablesmaybeallowedto rangeovera setof values;for example:

Day in [Mon, Tues,Wed,Thurs,Fri, Sat,Sun]

Prince: Con_Sort
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• suchdomainsmaybeusedto distributethefollowing operatorsovera set:

[] ||| || |[...]|

• LOTOS restrictstheuseof theseoperatorswith domains;for example:

choicepush,pull : Nat_Sort []
AMPLIFIER (push,pull)

choicechanin [send,receive],gatein [garden,lych] []
BUFFER[chan,gate]

par input in [line1, line2, line3, line4] |[control]|
MULTIPLEXER[input, control]

• only onekind of domain(gatesor values)maybeusedata time

• notethat thespecifiedoperatorindicateswhat is beingdistributed,so that thefirst exampleaboveshould
notbeparsedas:

(choicepush,pull : Nat_Sort)
[]

( AMPLIFIER (push,pull) )

• theuseof adomainis equivalentto writing outthebehaviourexpressionwhichfollows for eachof theevent
gatesor valuesin theset;for example:

choiceeventin [write, read][]
choiceB : Bit_ Sort[]

event;MEMORY (B)

is equivalentto:

write; MEMORY (0)
[]

write; MEMORY (1)
[]

read;MEMORY (0)
[]

read;MEMORY (1)
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3.3 Guards

• behaviourmaybemadeconditionalby usingtheguard operator‘[...] -> ’; for example:

[Bonus> 5000]-> ACCEPT_JOB

• if theconditionalexpressionin theguardevaluatesto true thenthefollowing behaviouris permitted;if the
conditionalexpressionevaluatesto falsethenthewholebehaviourexpressionis equivalentto stop

• this operatormaybe usedto achievethe effect of ‘ if...then...else’ or ‘case’, suchasmight be found in a
programminglanguage;for example:

( [Temperature> 0] -> THAW )
[]

( [Temperature<= 0] -> FREEZE)

( [Weatherwillbe Sunny]-> WEAR_T_SHIRT )
[]

( [Weatherwillbe Rainy] -> TAKE_ UMBRELLA )
[]

( [Weatherwillbe Snowy]-> WEAR_ANORAK )
[]

( [( (WeatherwontbeSunny)and(WeatherwontbeRainy)) and
(WeatherwontbeSnowy)]-> WEAR_JACKET)

• a guardmayalsobeanequationbetweenvalues;for example:

[core_meltdown= imminent]-> SCRAM

• notethat arithmeticoperations(e.g. ‘<=’) andbooleanoperations(e.g. ‘and’) arenot built into LOTOS;
normally, theywould bedefinedin a library, but it is explainedlater in thesecoursenoteshow operations
canbedefined

3.4 Eventswith Values

3.4.1 Action Denotation

• anactiondenotationis theeventpartof anactionprefix; sofar in thesenotes,only eventswhich namean
eventgatehavebeenconsidered

• in LOTOS, anexplicit eventproperlyspecifiesaneventgateanda finite sequenceof values;for example:

tick

dial ! emergency

statistics! 36 ! 24 ! 36
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• it is alsoconvenientto specifysetsof values;this is calledanextendedactiondenotation; for example:

coord? X : Int_Sort? Y : Int_Sort

colour? Prim: Primary_Sort

butthis is only ashort-handfor writing outachoiceof eventofferswith ‘!’ for eachvalue;thelastexample
aboveis thusequivalentto a choiceof:

colour! Red

colour! Yellow

colour! Blue

• both‘!’ and‘?’ formsmaybemixed;for example:

calendar? Month : Month_Sort! 1986

notethata multi-parteventlike this is still atomic: its valuesarenotestablishedin a sequenceof events;it
is thereforenotequivalentto:

calendar? Month : Month_Sort;calendar! 1986

• aneventmayalsobefollowedby a selectionpredicate– a constraintwhichrestrictsthevaluesoffered;for
example:

p ? x, y, z : Nat_Sort[SQR(x) + SQR(y) = SQR(z)]

will acceptonly thosetriplesof valueswhichsatisfythePythagoreanequation;theshorthandnotationused
herefor ‘?’ is equivalentto:

p ? x : Nat_Sort? y : Nat_Sort? z : Nat_Sort

• only thegatenamein eventsis givenin constructionssuchas:

|[gate1,gate2]|

hide g2 in PROC[g1, g2]

choicegatein [puerta,Tor]

par gatein [way, crash]
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3.4.2 SynchronisationRules

• only eventofferswhichareidenticalmaysynchronise;for example:

take! 5

maysynchronisewith:

take! (2 + 3)

assumingnormalrulesfor numbers,butnotwith:

give ! 5

take! 8

take! 2 ! 3

take! 5 ! 0

take! five

• becausethe‘?’ form of eventis equivalentto a choicebetweena setof values,‘?’ maysynchronisewith
‘!’ if thesetof valuesincludesthespecificallyofferedvalue;for example:

meeting? Day: Working_Day_Sort

maysynchronisewith:

meeting! Tuesday

butnot with:

meeting! Sunday

• afurtherpossibilityis thatbotheventoffersareof the‘?’ form; in thiscase,theeffect is of anagreementon
a valuefrom theintersectionof thesetsof values(if this is non-empty),providedthevalueshavethesame
sort

for example:

holiday? Month : Month_Sort[Is_Summer(Month)]
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maysynchronisewith:

holiday? Mon : Month_Sort[Has_31_Days(Mon)]

to offer a choiceof:

holiday! July

holiday! August

whereas:

weight? W : Int_Sort[W > 0]

will notsynchronisewith:

weight? W : Int_Sort[W < 0]

3.5 Processeswith Values

3.5.1 Parametersand Results

• a processmaybegivenformal parametersasa list of variablesandtheirsorts;their scopeis thebehaviour
definitionof theprocess

for example:

processADDER [input, output](Base: Nat0_Sort): noexit :=

input? Offset: Nat0_Sort;
output! Base+ Offset;
ADDER [input, output](Base)

endproc

• a processmayalsoyield a list of results;thesearewritten asa list of sortnamesonly following exit in the
headerof theprocessdefinition

• theresultsof aprocessaregivenusingexit in thebodyof theprocessdefinition;for example:

processEMPTY (list : List_Sort): exit (Bool_Sort):=

[eq(list, nil)] -> exit (true)
[]

[neq(list, nil)] -> exit (false)

endproc
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• theresultsof a processaremadeavailablewith the‘>> ’ operatorusing‘accept... in’ to matchtheresults
list of theprocess;for example:

processSUM [ip] (Num: Nat0_Sort): exit (Int_Sort):=

(
[Num = 0] -> exit (0)

)
[]

(
[Num > 0] ->

ip ? Val : Int_Sort;
(

SUM [ip] (Num- 1)
>>

acceptTotal : Int_Sort in
exit (Val + Total)

)
)

endproc

3.5.2 Functionality

• thefunctionalityof a processis thesetof tuplesof resultsit canproduce;for example:

processDIVIDE [source](Divisor : Nat_Sort): exit (Int_Sort,Nat0_Sort):=

hasfunctionality:

Int_Sort× Nat0 _Sort

• generallyspeaking,if thebehaviourexpressionscombinedbysomeoperatorcanterminate,theirfunctionality
mustbethesame;for example,P1andP2musthavethesamefunctionalityin thefollowing cases:

P1[] P2

P1[> P2

P1 ||| P2

P1 || P2

P1 |[...]| P2

similarly, thefunctionalityof a processmustbethesameasfor each:

exit (...)
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usedin its definition,or for a corresponding:

>> accept... in

• if aprocessmayterminatewith no results,just exit is written in its definitionheader

• if aprocesscannotterminate,noexit is written in its definitionheader

• in somecircumstancesit is convenientto specifythatanyvalueof a sortmaybea result;for example:

exit (blonde,any Height_Sort,nubile)

• thiscouldbeusedto specifytheindependentproductionof partsof a result;for example:

(...; exit (age,any Sex_Sort))
|||

(...; exit (any Nat0_Sort,sex))

whereageandsexaredeterminedindependentlyby somebehaviourexpressionsin parallel;any is needed
becauseparallelprocesseswhich terminatemustexit with thesameresult

3.6 Summary

• valuesaredefinedandusedin LOTOS asfollows:

variable Brighton: Re_Sort

expression (Tom + Jerry)- Tweetie_Pie

local variable let Tel : No_Sort= 73171in

valuedomain choiceTreaty: Nat0_Sort []
PEACE(Treaty)

guard [Sentry]->
BOX (Buck_Palace)

• thefollowing relatedconceptsareused:

local process where processTICK [tock]

gatedomain choicechannelin [English,Bristol] []
SWIM [channel]

par interfacein [V24, V35] |||

CONNECT[interface]

• eventsarespecifiedasaneventgatefollowedby specificvalues(‘!’) or setsof values(‘?’):

gate! 13? Open: Bool_Sort
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eventoffersmaysynchroniseif theyareidentical; ‘?’ is equivalentto a choicebetween‘!’ with specific
values

• processesmayhaveparametersandresults:

processCOMPARE [input] (Ref : Int_Sort): exit (Bool_Sort,Bool_Sort):=

input? Val : Int_Sort;
exit (Val >= Ref,Val <= Ref)

endproc

processresultsaremadeavailablewith:

COMPARE [data_in] (-40)
>>

acceptNot_Less,Not_More : Bool_Sort in
BRANCH [data_out] (Not_Less,Not_More)

• the functionality of a processis determinedby the sortsof its results; the functionality of terminating
behaviourexpressionsmustmatchin thefollowing cases:

[]

[>

|||

||

|[...]|

exit (...)

>> accept... in

3.7 Exercises

• giveasimplerbehaviourexpressionequivalentto:

(
average? Val : Nat0_Sort[Val < 3]; stop

)
||

(
choicemediumin [ether, average,spiritualist][]

choiceNum : Nat0_Sort[]
medium! Num[Num > 1]; stop

)
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• whatis thepermissiblebehaviourof:

(gait ! 3; exit (Int)) || CONFUSING[gait] (1)

andalsoof:

(gait ! 1; exit (Int)) || CONFUSING[gait] (2)

whereInt is somevariabledefinedto beof typeInt_ Sort, andprocessCONFUSINGis definedby:

processCONFUSING[gate](Var : Int_Sort) : exit (Int_Sort):=

let Var : Int_Sort= Var - 2 in
[Var > 0] ->

gate? Var : Int_Sort;
exit (Var + 2)

[]
[Var < 0] ->

gate? Var : Int_Sort;
exit (2 - Var)

endproc

• in the following example,Next andBreak are constantsin somesort representingsignal values;after
consideringa specificexamplesuchas:

FIB [t, r] (1, 1)
||

(
t ! Next; r ? n : Nat_Sort;
t ! Next; r ? n : Nat_Sort;stop

)

explainin generalwhatthefollowing processmaydo:

processFIB [trigger, result](Seed1,Seed2: Nat_Sort): noexit:=

(
(

trigger! Next;
result! Seed1;
exit (Seed2,Seed1+ Seed2)

)
[]

(
trigger? Seed1,Seed2: Nat_Sort;
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result! Break;
exit (Seed1,Seed2)

)
)

>>
acceptSeed1,Seed2: Nat_Sort in

FIB [trigger, result](Seed1,Seed2)

endproc

3.8 PossibleSolutions

• thepermittedbehaviouris equivalentto:

average! 2; stop

• for thefirst case,thepermissiblebehaviouris:

gait ! 3; exit (-1)

providedInt is -1; otherwiseit is:

gait ! 3; stop

for thesecondcase,thepermissiblebehaviouris only:

stop

• processFIB mayaccepta Next requestat gatetrigger , andoutputthenextnumberin a Fibonacciseriesat
thegateresult

FIB is initialisedwith two seedvalues,but mayinput newvaluesat thegatetrigger ; in this caseit outputs
Break to divide thesequences

FIB maythusoutputpartialFibonacciseriesat theresult gatesuchas:

1, 1, 2, 3, 5, Break

and:

3, 7, Break,
Break,
217894,65932,283826,349758,Break
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Chapter 4

Data Typing

4.1 Abstract Data Types

• a concretedatatypeis a representationof structureddatawithin a computer, e.g. a linked list or thelayout
of a file controlblock

• anADT (AbstractData Type) is animplementation-independentrepresentationof structureddata;only the
essentialcharacteristicsof thedatatypearespecified

• for example,theconcretenotionof abookmaybedescribedin termsof thequalityandcolourof its binding
andpaper, thetypeof printing ink, thefont andsizeof lettering,etc.

• in abstractterms,abookmaybethoughtof in termsof its components,howthesearerelated,andwhatmay
bedoneto it; its componentsmaybe:

Cover, Title_Page,Text, Index

andthesecomponentsmaybefurtherdecomposed;for example:

Title, Author, Date,Publisher

• for Title_ Page, therelationshipsbetweenthecomponentsmayinclude:

a Title_PagehasoneTitle andonePublisher

a Title_PagemaybearseveralAuthorsandDates

a bookis alsocharacterisedby whatis doneto it; for example:

Print,Read,Plagiarise,Burn

41
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4.2 TypeDefinitions

• asexplainedearlier, a sort is a setof datavalues;a typedefinitionpackagesup a setof sorts,andspecifies
theoperationson them

for example:

type Writer is ... endtype

• donotconfusethenameof thetypewith thenamesof thesort(s)it defines

• typically, simplertypesarebuilt into morecomplexonesusingis to import thedefinitionsin anothertype;
this is calledenrichment

for example:

type Natural_Numberis

...

endtype

type Booleanis

...

endtype

type Arithmetic is Natural_Number, Boolean

...

endtype

type Fractionis Arithmetic

...

endtype

• a typedefinitioncontainsa numberof sectionsin thefollowing order, eachsectionbeingoptional:

sorts whichgivesthenamesof thesortsdefinedin thetype

opns whichgivesthenamesandfunctionalityof theoperationson thesorts

eqns whichgivestheequationsthattheoperationssatisfy

4.3 Operations

• theoperationsona sortarefunctions,definedby theirsignature; for example:
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increment : Nat_Sort-> Nat_Sort

member : Element_Sort,Set_Sort-> Bool_Sort

anoperationmayhaveseveralsortsasits domain,buthasexactlyonesortasits codomain

• anoperationmustbedefinedastotal, i.e mustbedefinedfor all valuesin its domain

• severaloperationsmayhavethesamesignature;for example:

tomorrow, yesterday: Day_Sort-> Day_Sort

• operationswhichhaveanull domainareconstants; for example:

0 : -> Nat0_Sort

scarlet,vermilion,crimson: -> Red_Sort

• operationsmaybedefinedasprefixor binary infix; for example:

is_instructive : Lecture_Sort-> Bool_Sort

_ * _ : Int_Sort,Int_Sort-> Int_Sort

wherethe‘_’ standsfor a positionalparameter;for example:

pred(0) * succ(0)

• oneoperationmaybechosenasthebasicconstructorfor a sort;thereis oftena ‘null’ constantwhich is the
simplestvalue

for example:

add_to_dir : Entry_Sort,Dir_ Sort-> Dir_ Sort

empty_dir : -> Dir_ Sort

• operationswhichextractcomponentsof a sortarecalledselectors; for example:

name : Entry_Sort-> Alpha_Sort

address : Entry_Sort-> Alphanumeric_Sort

telephone : Entry_Sort-> Numeric_Sort
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4.4 Equations

4.4.1 BasicEquations

• anoperationis specifiedby giving a list of theequationswhichgivetheconstraintsgoverningit; equations
areseparatedor terminatedby ‘;’

• equationsmayusefreevariables;for example:

forall e: Entry_Sort,d : Dir_ Sort

• for thepreviousexampleof a telephonedirectory, theoperation:

length_of_dir : Dir_ Sort-> Nat0_Sort

mighthaveequations:

length_of_dir (empty_dir) = 0;

length_of_dir (add_to_dir (e,d)) = length_of_dir (d) + 1

• equationsmay, if theyhavetheright properties,beregardedasleft-to-right rewrite rules: if anexpression
matchesthepatternon theleft sideof anequationit maybereplacedby theright side,preservingthesame
patternmatches

• for example,considerthefollowing operations:

nil_ ac : -> Account_Sort
credit : Nat_Sort,Account_Sort-> Account_Sort
debit : Nat_Sort,Account_Sort-> Account_Sort
balance : Account_Sort-> Int_Sort
_ + _, _ - _ : Int_Sort,Nat_Sort-> Int_Sort

andequations:

balance(nil_ ac) = 0;

balance(credit(n, a)) = (balance(a))+ n;

balance(debit(n, a)) = (balance(a)) - n

whichwould requiretheusualdefinitionof numbers

• for thisexample,anexpressionsuchas:
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balance(debit(10,credit(5, nil_ ac)))

wouldbere-writtenby thethird equationaboveas:

(balance(credit(5, nil_ ac)))- 10

thenby thesecondequationas:

((balance(nil_ ac))+ 5) - 10

andfinally by thefirst equationas:

((0) + 5) - 10

• with definitionsfor thedecimalrepresentationof numbersandarithmetic,thiswouldbefurtherrewrittento
theequivalentof -5

4.4.2 Conditional Equations

• anequationmaybemadeconditionalby prefixingit with a booleancondition,like a guardfor a behaviour
expression;for example:

m >= n => max(m, n) = m;

m < n => max(m, n) = n

• anequationmayalsobeusedinsteadof a booleancondition;for example:

e1= e2=> sub_from_dir (e1,add_to_dir (e2,d)) = d

• aswith guards,conditionalequationscanbeusedlike if...then...elseor casestatements

• thereis a subtleandimportantdistinctionbetweenbooleanconditionsandequationalequality;a boolean
conditionasa guardis equivalentto writing anequationasa guard

for example:

condition=> LHS = RHS

is equivalentto:
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condition= true=> LHS = RHS

theequationalequalityfor suchaguardholdsif theequationcanbederivedfrom theequationsgivenin the
typedefinition

• only equalitymaybederivedfrom theoriginalequations,not inequality; thus,althoughabooleancondition
suchas:

not ((3 * 2) < 7) => wrong= right

maybenegated,anequationalequalitysuchas:

(b1 6= b2)=> b1exorb2= true

maynotbe

• it is thereforeusuallynecessaryto definea booleanequalityrelation(say, ‘==’) betweenvaluesof a sort;
for example,for thenaturalnumbers:

opns

0 : -> Nat0_Sort

succ : Nat0_Sort-> Nat0_Sort

_ == _ : Nat0_Sort,Nat0_Sort-> Bool_Sort

with thefollowing equations:

forall n, n1,n2 : Nat0_Sort

0 == 0 = true;

succ(n) == 0 = false;

0 == succ(n) = false;

succ(n1)== succ(n2) = n1== n2

4.5 Overloading

• it is permissiblefor anoperationto beoverloaded, i.e. givenmorethanonedefinition;this is generallyused
whentheoperationsareessentiallythesamebutoperateondifferentsorts

for example:
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_ + _ : Nat0_Sort,Nat0_Sort-> Nat0_Sort

_ + _ : Matrix_Sort,Matrix_Sort-> Matrix_Sort

• sometimes,anoverloadedoperationmay havedifferentdomainsortsin morethanonedefinitionbut the
samecodomainsort;for example:

size: List_Sort-> Nat0_Sort

size: Dir_ Sort-> Nat0_Sort

• similarly, thedomainsmaybethesamebutthecodomainsmaydiffer; in suchcases,thecontextmayindicate
whichversionof theoperationis intended

for example:

forall e: Entry_Sort,d : Dir_ Sort

size(add_to_dir (e,d)) = size(d) + 1

• however, the contextmaynot alwaysbesufficient to distinguishwhich versionis meant;in this case,the
sortof a valueor theresultof anoperationmustbeexplicitly statedusing‘of’

for example:

5 * ( ( (temperature- 32) \ 9 ) of Int_Sort)

• similarly, for equationsit may be logically necessaryto use‘ofsort’ to indicatethe sortof the outermost
operationin anequation;for example:

ofsort Bit_ Sort

forall b1,b2 : Bit_ Sort

b1 impliesb2= not (b1)or b2

however, LOTOS requiresthatthesortof anequationbegivenexplicitly

• ofsort governstheequationswhich follow up to thenextofsort

• forall likewisegovernstheequationswhich follow; exceptfor theinitial, globaldefinitionsit mustfollow
ofsort if it is needed
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4.6 Making NewTypes

4.6.1 Renaming

• a new type may be createdsimply by renamingan existingone; this may give new namesto sortsand
operationsusing‘sortnames...for ...’ and‘opnnames...for ...’

for example:

type Flag is Bool renamedby

sortnames

Flag_Sortfor Bool_Sort

opnnames

setfor true
clearfor false
togglefor not
equivfor ==

endtype

• notethespellingof opnnames

4.6.2 Parameterisation

• it is frequentlynecessaryto definedatatypeswhich havethe samebasicstructureandoperationsbut a
varietyof dataelements;LOTOS permitsparameterisationof datatypesto caterfor this

• a parameteriseddatatypehasformalparameters; for example:

type Double_blankis

formalsorts Thing_Sort

formalopns

Z : -> Thing_Sort
next: Thing_Sort-> Thing_Sort
_ p _ : Thing_Sort,Thing_Sort-> Thing_Sort

formaleqns

forall T, T1, T2 : Thing_Sort

ofsort Thing_Sort

T p Z = T;
T1 p (next(T2)) = next(T1 p T2)

opns
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double: Thing_Sort-> Thing_Sort

eqns

forall T : Thing_Sort

ofsort Thing_Sort

double(T) = T p T

endtype

4.6.3 Actualisation

• a parameterisedtypeis actualisedby aspecifictypeto yield anewtype

• theformal sortsandoperationsmustbereplacedby actualsortsandoperationswhich arecompatiblewith
thesignaturesandequationsof theformalones;for theexamplegivenabove,asuitabletypefor actualisation
wouldbe:

type Addition is Nat0

opns
_ + _ : Nat0_Sort,Nat0_Sort-> Nat0_Sort

eqns

forall N, N1, N2 : Nat0_Sort

ofsort Nat0_Sort

N + 0 = N;
N1 + succ(N2) = succ(N1 + N2)

endtype

• for thisexample,theactualisationmaybecarriedoutby:

type Duplicationis Double_blankactualizedbyAddition using

sortnames

Nat0_Sortfor Thing_Sort

opnnames

0 for Z
succ for next
+ for p

endtype
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• notethespellingof actualizedby

4.7 Summary

• abstractdatatypesareimplementation-independentrepresentationsof structureddata:

type Fontis Letters... endtype

• anabstractdatatypeis characterisedby:

sorts sorts It_ takes_all_Sorts

operations opns

Fork : -> Cutlery_Sort

shiny : Cutlery_Sort-> Bool_Sort

_ picks_up_ : Philosopher_Sort,Cutlery_Sort-> Bool_Sort

equations eqns
forall N, N1, N2 : Nat0_Sort

ofsort Nat0_Sort
N * 0 = 0;
N1 * succ(N2) = (N1 * N2) + N1

• equationsmaybemadeconditionalby prefixingthemwith a booleanconditionor anequation:

in_Estelle(spec)=> conciseness(spec)= low

lang(spec)= LOTOS=> writer (spec)= Professor

• operationsmaybeoverloaded,whichmaymeanthatthesortof a resulthasto beexplicitly stated:

Coordof X_ Coord_Sort

ofsort French_Sort
translation(sweetie_pie)= toto

• datatypesmayberenamed:

Livre renamedby

sortnames

Book_Sort for Livre_Sorte

opnnames

read for lire
write for ecrire
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• parameteriseddatatypesaredefinedusingformalparameters:

formalsorts

formalopns

formaleqns

• parameteriseddatatypesmaybeinstantiated:

GlueactualizedbyPasteusing

sortnames

Flour_Sort for Binder_Sort

opnnames

smell for sniff

4.8 Exercises

4.8.1 Impr oper Fractions

• assumethetypeArithmetic defines:

– sortNat_Sort

– operations‘+’ (additionof naturalnumbers),‘*’ (multiplicationof naturalnumbers),and‘==’ (boolean
equalityof naturalnumbers)

• definethetypeFractions to have:

– constructorpair (makeafractionfrom its numeratoranddenominator)

– selectorsnumer anddenom(selectthenumeratoranddenominatorof a fractionrespectively)

– operations‘+’ (additionof fractions)and‘==’ (booleanequalityof fractions)

4.8.2 WashingMachine

• a manually-operatedmachinehasoperations:

– load (loadtheclothes)

– wash(maketheclothesclean)

– spin (getrid of mostof thewaterfrom theclothes)

– tumble (getrid of all thewaterfrom theclothes)

• specifythismachine,andalsothepredicates:

– clean(clotheswashedat leastonce)

– soaking(clotheswashedbut notspunor tumble-driedsincethen)

– dry (clothestumble-driedbut notwashedsincethen)

• it is presumedthatonly dirty anddry clothesareinitially loadedinto themachine
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4.8.3 Setof IncrementableBits

• specifythedatatypeBit :

– sortBit_ Sort with values0 and1

– operationsflip (binarycomplement)and‘==’ (booleanequality)

• specifythedatatypeSet_with_ Incr , a parameterisedsetwith a special‘increment’operation:

– formalsortObj_ Sort (for theelementsto beinstantiated)

– formaloperationsincr (increment)andsame(booleanequalityof objects)

– sortSet_Sort

– operationsempty_set(thenull set),add_to_set(addanelementto a set),andin_ set (checkfor set
membership)

• usingthesedefinitions,specifythe datatypeBit_ Set_with_ Incr by actualisingthe typeSet_with_ Incr
with Bit

4.9 PossibleSolutions

4.9.1 Impr oper Fractions

type Fractionsis Arithmetic

sortsFrac_Sort

opns

pair : Nat_Sort,Nat_Sort-> Frac_Sort
numer, denom : Frac_Sort-> Nat_Sort
_ + _ : Frac_Sort,Frac_Sort-> Frac_Sort
_ == _ : Frac_Sort,Frac_Sort-> Bool_Sort

eqns

forall n, d : Nat_Sort,f1, f2 : Frac_Sort

ofsort Nat_Sort

numer(pair (n, d)) = n;
denom(pair (n, d)) = d

ofsort Frac_Sort

f1 + f2 =
pair ((numer(f1) * denom(f2)) + (numer(f2) * denom(f1)),

denom(f1) * denom(f2))

ofsort Bool_Sort

f1 == f2 =
(numer(f1) * denom(f2)) == (numer(f2) * denom(f1))

endtype
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4.9.2 WashingMachine

type Washing_Machineis Bool

sorts

WM_ Sort

opns

load : -> WM_ Sort
wash,spin,tumble : WM_ Sort-> WM_ Sort
clean,soaking,dry : WM_ Sort-> Bool_Sort

eqns

forall wm : WM_ Sort

ofsort Bool_Sort

clean(load) = false;
clean(wash(wm)) = true;
clean(spin(wm)) = clean(wm);
clean(tumble(wm)) = clean(wm);

soaking(load) = false;
soaking(wash(wm)) = true;
soaking(spin(wm)) = false;
soaking(tumble(wm)) = false;

dry (load) = true;
dry (wash(wm) = false;
dry (spin(wm)) = dry (wm);
dry (tumble(wm)) = true

endtype

4.9.3 Setof IncrementableBits

type Bit is Bool

sorts
Bit_ Sort

opns
0, 1 : -> Bit_ Sort
flip : Bit_ Sort-> Bit_ Sort
_ == _ : Bit_ Sort,Bit_ Sort-> Bool_Sort

eqns

ofsort Bit_ Sort
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flip (0) = 1;
flip (1) = 0

ofsort Bool_Sort

0 == 0 = true;
0 == 1 = false;
1 == 0 = false;
1 == 1 = true

endtype

type Set_with_Incr is Bool

formalsorts Obj_Sort

formalopns
incr : Obj_Sort-> Obj_Sort
_ same_ : Obj_Sort,Obj_Sort-> Bool_Sort

formaleqns
forall o, o1,o2,o3 : Obj_Sort

ofsort Bool_Sort
o sameo = true;
o1sameo2= o2sameo1;
o1sameo2,o2sameo3=>

o1sameo3= true

sortsSet_Sort

opns
empty_set: -> Set_Sort
add_to_set: Obj_Sort,Set_Sort-> Set_Sort
in_set: Obj_Sort,Set_Sort-> Bool_Sort

eqns
forall o, o1,o2: Obj_Sort,s : Set_Sort

ofsort Bool_Sort
in_set(o, empty_set)= false;
o1sameo2=>

in_set(o1,add_to_set(o2,s))= true;
not (o1sameo2)=>

in_set(o1,add_to_set(o2,s))= in_set(o1,s)

ofsort Set_Sort
in_set(o, s) =>

add_to_set(o, s) = s

(* otheraxiomsareneededto ensurethattheorderof
additionof elementsto thesetis irrelevant*)

endtype



4.9. POSSIBLESOLUTIONS 55

type Bit_ Set_with_Incr is Set_with_Incr actualizedbyBit using

sortnames

Bit_ Sort for Obj_Sort

opnnames

flip for incr

== for same

endtype
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Chapter 5

Putting It Together

5.1 CompleteSpecifications

• a completeLOTOS specificationhasa form suchas:

specificationIN_ SPEC[data](Limit : Time_Sort): exit

behaviour CONTROL[data](Limit) where

type Characteris
...

endtype(* Character*)

type Word is Character
...

endtype(* Word*)

processCONTROL[chan](Real: Time_Sort): exit :=

...

where

processSTATION [Crewe,Euston](T : Train_Set): exit :=

...

where

processPLATFORM [P1,P2,P3] : exit :=
...

endproc (* PLATFORM *)

endproc (* STATION *)

processCONTROLLER[fat, thin] : exit (Engine_Sort):=

...

endproc (* CONTROLLER*)

57
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endproc (* CONTROL*)

endspec(* IN_ SPEC*)

• a specificationhasformal gatesparametersandresultsjust like a process;the keywordbehaviour (also
spelledbehavior) givesthebehaviourexpressionwhichcharacterisesthewholespecification

• globaltypedefinitionsareintroducedbeforebehaviourdefinitions;othertypeandprocessdefinitionscome
in anyorder

• typedefinitionsmayalsobeintroducedaslocal,following where

• typedefinitionsin thestandardLOTOS library maybeincludedimplicitly; for example:

library

Set,HexDigit

endlib

• informalcommentsmaybeintroduced;for example:

(* Thispieceof text maybesafelyignored*)

• thespecificationmust,of course,bemeaningfulwith all commentsdeleted;it is a goodideato separatethe
commentsclearlyfrom theformal text

5.2 SemanticBasis

5.2.1 ProcessSemantics

• thesemanticsof behaviourexpressionsis givenby actionpredicates; for example:

B − gv 1:::vn− > B ′

whichpostulatesthatbehaviourexpressionB mayparticipatein eventg!v1::: !vn andthenbehavelike B′

• for successfulterminationthereis a similarpredicate:

B − ¡v 1:::vn− > B ′

andfor internalaction:

B − i− > B ′

• the semanticsof LOTOS operatorsaregiven usingderivationrules, which havea setof premissesanda
conclusion;for example:

G; B − e− > B ′

([G]− > B) − e− > B ′

thissaysthatif booleanguardG is true, andbehaviourexpressionB mayengagein eventeandthenbehave
like B′ , thensomay([G]− > B)
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• severalderivationrulesmayberequiredto give thesemanticsof anoperator;for example:

– if e is not ¡ (i.e. theexit event):

B1 − e− > B1
′

B1 [> B2 − e− > B1
′ [> B2

– if e is ¡ (sothatB′ mustbestop):

B1 − ¡− > B1
′

B1 [> B2 − ¡− > B1
′

– in all cases:

B2 − e− > B2
′

B1 [> B2 − e− > B2
′

• given the definitionsof the operatorsandthe definition of equivalenceor congruence,variousalgebraic
lawsmaybededucedwhichgoverntheeffect of theoperators;for example:

B ||| exit = B

B1 ||B2 = B2 ||B1

B [] stop = B

(B1 [] B2 ) [] B3 = B1 [] (B2 [] B3 )

(e; B1 ) [> B2 = (e; (B1 [> B2 )) [] B2

5.2.2 Data Type Semantics

• thesortsandtheoperationson themgenerateanalgebraof terms;for example:

Empty_Pot mix (Red,mix (Yellow, Empty_Pot))

• thesemanticsof anACT ONE datatypeis givenby the initial algebra, whichmakesonly thosetermsequal
whicharerequiredby theequationsto beequal

• for example,a datatypemayrequirethat:

(c1 IsIn p) =>
mix (c1,mix (c2,p)) = mix (c2,p);

mix (c1,mix (c2,p)) = mix (c2,mix (c1,p))

thefollowing termswould thereforebemadeequalin theinitial algebra:
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mix (Red,mix (Yellow, mix (Red,Empty_Pot)))

mix (Red,mix (Yellow, Empty_Pot))

• initial algebrashavea simpleoperationalinterpretationusingtheequationsasleft-to-right rewrite rules; a
‘good’ setof equationsalwaysre-writesexpressionsto the yield a canonical(‘standard’)form in a finite
sequenceof steps

• executabilityof a datatypedefinitionrequiresthat theright-handsidesof equationsare‘simpler’ thanthe
left-handsides;for example:

N1 + succ(N2) = succ(N1 + N2)

is a suitableequationbecausetheright-handsidecanbefurthersimplifiedto yield anultimateexpression
of theform:

succ(... (succ(0)))

wherethereareN1 + N2 + 1 suchsuccoperations

5.3 Summary

• processsemanticsaregivenby:

actionpredicates

B − gv 1:::vn− > B ′

B − ¡v 1:::vn− > B ′

B − i− > B ′

derivationrules

B1 − e− > B1
′

B1 []B2 − e− > B1
′

• datatypesemanticsaregivenby the initial algebrawhichmakesonly thosetermsequalwhicharerequired
to beequalby theequations

• LOTOSisaformalspecificationlanguagewith featuresfor describingstatic(datatype)anddynamic(process)
aspectsof behaviour

• LOTOS is ageneral-purposelanguagefor specifyingconcurrentsystems, butwasdesignedto besuitablefor
specifyingOSIservicesandprotocols

• all theexamplessofar havebeenof familiar, whimsicalor mathematicalsystems;the following example
illustrateshowLOTOS canbeappliedto thespecificationof communicationssystems
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5.4 A Large Example

5.4.1 Network Service

• the following specificationcoversdatatransferin the OSI Connection-ModeNetworkService; although
largeby comparisonwith otherexamplesin thesenotes,only a partof thefull specificationis included

• thearchitectureof theOSI NetworkServiceis shownin Figure5.1

Network Service
UserA

Network Service
User B

�
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�
�

�
�

�
�

Network Service
AccessPoint A

Network Service
AccessPoint B

Figure5.1: NetworkServiceAccessPoints

• theNetworkServiceProviderofferstheNetworkServiceto a setof NetworkServiceUsersthrougha setof
NSAPs(NetworkServiceAccessPoints) whichcanbethoughtof asabstractinterfaces;NSAPsareidentified
by aNetworkAddresswhich is uniquewithin thewholeNetworkService

• in theConnection-ModeNetworkService,eachNetworkServiceUseris attachedto oneNSAP, asshown
in Figure5.2;multipleconnectionsareallowedthroughanNSAP
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Figure5.2: NetworkConnectionEnd-Points

• eachconnectionterminatesin anNCEP(NetworkConnectionEnd-Point); NCEPsaredistinguishedby a
NetworkConnectionEnd-PointIdentifierwhich is uniquewithin anNSAP

• aNetworkServiceUserinteractswith aNetworkServiceProviderby meansof NetworkServicePrimitives
(which canbe thoughtof asabstractinterfaceinteractions);two kinds of primitives areidentifiedin this
example,asshownin Figure5.3

5.4.2 Data Transfer

• for this example,datatransfershouldbespecifiedfor just oneconnectionbetweenNSAPA/NCEPa and
NSAPB/NCEPb
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request indication
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6

Figure5.3: NetworkServicePrimitiveTypes

• onceaconnectionhasbeenestablished,datais transferredby meansof thefollowing serviceprimitives:

N-DATA request (NS_User_Data)

N-DATA indication (NS_User_Data)

NS_User_Data is transferredtransparentlyfrom oneUserto theother;oneor moreoctets(bytes)of data
maybesent

• suchnormaldata is subjectto flow-control, wherebytheServiceProvidermaynotacceptfurtherdataif the
connectionpipe-lineis currentlyfull (theconnectioncapacitymayvaryandcannotbedetermined)

• specialserviceprimitivesareusedto sendexpediteddata, which will bypassa flow control blockagefor
normaldata:

N-EXPEDITED-DATA request (NS_User_Data)

N-EXPEDITED-DATA indication (NS_User_Data)

whichallow 1 to 32octetsof datato besenttransparently

• normaldatais deliveredin thesameorderasit is transmitted;expediteddatais similarly deliveredin the
sameorder

• however, expediteddatamayovertakenormaldatawhich is in transit,but it is not guaranteedto doso;the
only guaranteegivenis thatnormaldatawhichis submittedafterexpediteddatawill notbedeliveredbefore
it

5.4.3 SuggestedData Type Model

• thefollowing library sortsmaybeassumed:

Boolean Booleans(sortBool; constantstrue andfalse; operationsand, or, andnot)

NaturalNumber naturalnumbers(sortNat; operationsge (greaterthanor equalto), andle (lessthan
or equalto))

OctetString stringsof octets(sort OctetString; operations+ (concatenationof an octetandan
octetstring)andLength (numberof octets))

DecNatRepr decimalrepresentationof naturalnumbers(sort DecimalDigit; constants0, ... 9;
operationsDec (decimaldigit to stringelement)andNatNum (decimaldigit string
to naturalnumber)

• thefollowing additionaltypesshouldbedefined:

Addr NetworkAddresses,with valuesSAP_A, andSAP_B

Ident NetworkConnectionEnd-PointIdentifiers,with valuesCEP_a, andCEP_b
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Data basedonOctetStringandDecNatRepr, definingNetworkServiceDataUnitsasoctetstrings,
anddefining1 and32asconstantswith theusualdecimalinterpretations

• NSP_Sort shouldbedefinedfor NetworkServicePrimitives,with thefollowing operationsasconstructors:

NDT_ req, NDT_ ind

NEX_ req, NEX_ ind

• NetworkServicePrimitivescorrespondto NetworkServiceObjects,which arethe piecesof information
which aretransferredby theunderlyingmedium;a requestcreatesanobject,which is laterturnedinto an
indicationondelivery

• NSO_Sort shouldbedefinedusingNSP_Sort asa basisfor NetworkServiceObjects,with operations:

req to turnanNSPrequestinto thecorrespondingNSO

ind to turnanNSO into thecorrespondingNSPindication

• recognisersshouldalsobedefinedwhichcheckthekind of a primitive or object;for example:

Is_NDT_ req (for anNSP)

Is_NDT (for anNSO)

• NetworkConnectiondatatransferbehaviourshouldfirst bedefinedusinganordinaryqueue(‘medium’); a
morecomplexqueuewhichallowsexpediteddatato overtakenormaldatashouldthenbedefinedusingthe
operations:

delete to deletethefirst instanceof a givenobjectin a queue

Is_First to checkif anobjectis thefirst of its typein a queue

Is_Reordered to checkif a queueis a valid re-orderingof another

5.4.4 SuggestedProcessModel

• theLOTOS specificationshouldmodeltheNetworkConnectionusingprocesses:

NCEP whichmodelsthebehaviourof oneconnectionend-point

NCH whichmodelsthebehaviourof onehalf-connection(i.e. directionof transfer)

• the first of theseprocessesshouldbe parameterisedby the NSAP addressand the NCEPidentifier; the
secondprocessshouldbeparameterisedby theNSAPaddressandNCEPidentifierof bothends

• all communicationacrosstheNetworkServiceboundaryshouldbedefinedto takeplaceat oneLOTOS gate
calledn; invokinga serviceprimitive shouldcorrespondto aneventof theform:

n ! na! ni ! nsp

wherena is an NSAP address,ni is an NCEPidentifier, andnsp is a valueconstructedfor a particular
serviceprimitive

• thenetworkconnectionshouldbespecifiedby giving theconstraintsonthebehaviourof eachend-pointand
eachdirectionof transfer, asshownin Figure5.4
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Figure5.4: NetworkServiceConstraints

5.4.5 PossibleSolution

specificationSubset_Network_Service[n] : noexit

library

Boolean,NaturalNumber, OctetString,DecNatRepr

endlib

type Addr is

sorts
Addr_Sort

opns
SAP_A, SAP_B : -> Addr_Sort

endtype(* Addr *)

type Ident is

sorts
Ident_Sort

opns
CEP_a,CEP_b : -> Ident_Sort

endtype(* Ident*)

type Datais OctetString,DecNatRepr

opns
1, 32: -> Nat

eqns
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ofsort Nat
1 = NatNum(Dec(1));
32= NatNum(3 + Dec(2))

endtype(* Data*)

type NSPis Boolean,Data

sorts
NSP_Sort

opns
NDT_req,NDT_ind,
NEX_req,NEX_ind : OctetString-> NSP_Sort

Is_NDT_req,Is_NDT_ind,
Is_NEX_req,Is_NEX_ind : NSP_Sort-> Bool

_eq_ : NSP_Sort,NSP_Sort-> Bool

eqns
forall dt, dt1,dt2 : OctetString,nsp: NSP_Sort

ofsort Bool
Is_NDT_req(NDT_req(dt)) = true;
Is_NDT_req(NDT_ind (dt)) = false;
Is_NDT_req(NEX_req(dt)) = false;
Is_NDT_req(NEX_ind (dt)) = false;

Is_NDT_req(nsp)=>
Is_NDT_ind (nsp)= false;

Is_NDT_ind (NDT_ind (dt)) = true;
Is_NDT_ind (NEX_req(dt)) = false;
Is_NDT_ind (NEX_ind (dt)) = false;

Is_NDT_req(nsp)or Is_NDT_ind (nsp)=>
Is_NEX_req(nsp)= false;

Is_NEX_req(NEX_req(dt)) = true;
Is_NEX_req(NEX_ind (dt)) = false;

Is_NDT_req(nsp)or Is_NDT_ind (nsp)or Is_NEX_req(nsp)=>
Is_NEX_ind (nsp)= false;

Is_NEX_ind (NEX_ind (dt)) = true;

not (Is_NDT_req(nsp))=>
NDT_req(dt) eqnsp= false;

NDT_req(dt1) eqNDT_req(dt2) = dt1 eqdt2;

not (Is_NDT_ind (nsp))=>
NDT_ind (dt) eqnsp= false;

NDT_ind (dt1) eqNDT_ind (dt2)= dt1 eqdt2;
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not (Is_NEX_req(nsp))=>
NEX_req(dt) eqnsp= false;

NEX_req(dt1) eqNEX_req(dt2) = dt1 eqdt2;

not (Is_NEX_ind (nsp))=>
NEX_ind (dt) eqnsp= false;

NEX_ind (dt1) eqNEX_ind (dt2)= dt1 eqdt2

endtype(* NSP*)

type NSO is NSP

sorts
NSO_Sort

opns
req: NSP_Sort-> NSO_Sort
ind : NSO_Sort-> NSP_Sort

Is_NDT, Is_NEX : NSO_Sort-> Bool

_eq_ : NSO_Sort,NSO_Sort-> Bool

eqns
forall dt : OctetString,nsp: NSP_Sort,nso1,nso2: NSO_Sort

ofsort NSP_Sort
ind (req(NDT_req(dt))) = NDT_ind (dt);
ind (req(NDT_ind (dt))) = NDT_ind (dt);
ind (req(NEX_req(dt))) = NEX_ind (dt);
ind (req(NEX_ind (dt))) = NEX_ind (dt)

ofsort Bool
Is_NDT (req(nsp))=

Is_NDT_req(nsp)or Is_NDT_ind (nsp);
Is_NEX (req(nsp))=

Is_NEX_req(nsp)or Is_NEX_ind (nsp);

nso1eqnso2= ind (nso1)eqind (nso2)

endtype(* NSO*)

type Basic_Medium is NSO

sorts
Medium_Sort

opns
empty: -> Medium_Sort
_ app_ : NSO_Sort,Medium_Sort-> Medium_Sort
_ pre_ : Medium_Sort,NSO_Sort-> Medium_Sort
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_ eq_ : Medium_Sort,Medium_Sort-> Bool

eqns
forall nso,nso1,nso2: NSO_Sort,ncm,ncm1,ncm2: Medium_Sort

ofsort Medium_Sort
nsoappempty= emptyprenso;
(nso1app(ncmprenso2))=

((nso1appncm)prenso2)

ofsort Bool
emptyeqempty= true;
(ncmprenso)eqempty= false;
emptyeq(ncmprenso)= false;
(ncm1prenso1)eq(ncm2prenso2)=

(ncm1eqncm2)and(nso1eqnso2)

endtype(* Basic_Medium*)

type Reordering_Medium is Basic_Medium

opns
delete: NSO_Sort,Medium_Sort-> Medium_Sort
Is_First : NSO_Sort,Medium_Sort-> Bool
Is_Reordered: Medium_Sort,Medium_Sort-> Bool

eqns
forall

nso,nso1,nso2,: NSO_Sort,ncm,ncm1,ncm2: Medium_Sort

ofsort Medium_Sort
delete(nso,empty)= empty;
nso1eqnso2=>

delete(nso1,ncm2prenso2)= ncm2;
not (nso1eqnso2)=>

delete(nso1,ncm2prenso2)=
delete(nso1,ncm2)prenso2

ofsort Bool
Is_First (nso,empty)= false;
Is_First (nso1,ncm2prenso2)=

(nso1eqnso2)
or

(
(
(Is_NEX (nso1)andIs_NDT (nso2))
or
(Is_NDT (nso1)andIs_NEX (nso2))
)

and
Is_First (nso1,ncm2)

);
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Is_Reordered(empty, empty)= true;
Is_Reordered(empty, ncmprenso)= false;
Is_Reordered(ncmprenso,empty)= false;
Is_Reordered(ncm1prenso1,ncm2prenso2)=

(
(nso1eqnso2)

and
Is_Reordered(ncm1,ncm2)

)
or

(
(
Is_NEX (nso1)andIs_NDT (nso2)
)

and
(
Is_First (nso1,ncm2)
and
Is_Reordered(ncm1,delete(nso1,ncm2)prenso2)
)

)

endtype(* Reordering_Medium*)

behaviour
(

NCEP[n] (SAP_A, CEP_a)
|||

NCEP[n] (SAP_B, CEP_b)
)

|[n] |
(

NCH [n] (SAP_A, SAP_B, CEP_a,CEP_b, empty)
|||

NCH [n] (SAP_B, SAP_A, CEP_b, CEP_a,empty)
)

where

processNCEP
[n] (na: Addr_Sort,ni : Ident_Sort): noexit :=

(
choicedt : OctetString[]

(
n ! na! ni ! NDT_req(dt) [Length(dt) ge1];
exit

[]
n ! na! ni ! NDT_ind (dt);
exit

)
[]
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(
n ! na! ni ! NEX_req(dt)

[(Length(dt) ge1) and(Length(dt) le 32)];
exit

[]
n ! na! ni ! NEX_ind (dt);
exit

)
)

>>
NCEP[n] (na,ni)

endproc (* NCEP*)

processNCH
[n] (naX,naY : Addr_Sort,niX, niY : Ident_Sort,ncm1: Medium_Sort):
noexit :=

(
(

choicedt : OctetString,ncm2: Medium_Sort[]
(

n ! naX! niX ! NDT_req(dt);
exit (req(NDT_req(dt)) appncm1)

[]
[ncm1eq(ncm2prereq(NDT_req(dt)))] ->

n ! naY ! niY ! NDT_ind (dt);
exit (ncm2)

)
)

[]
i;
(

choicedt : OctetString,ncm2: Medium_Sort[]
(

n ! naX! niX ! NEX_req(dt);
exit (req(NEX_req(dt)) appncm1)

[]
[ncm1eq(ncm2prereq(NEX_req(dt)))] ->

n ! naY ! niY ! NEX_ind (dt);
exit (ncm2)

[]
exit (ncm1)

)
)

)
>>

acceptncm2: Medium_Sort in
(

choicencm3: Medium_Sort[]
[Is_Reordered(ncm3,ncm2)]->
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i;
NCH [n] (naX,naY, niX, niY, ncm3)

)

endproc (* NCH *)

endspec(* Subset_Network_Service*)
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Compoundnounsin theindexaregenerallyenteredunderthemainnoun.Entriesfor acronymsareindexedunder
theacronym,butarecross-referencedfrom theexpansionof theacronym.Non-alphabeticentriesin theindexare
sortedaccordingto their ASCII code.Thepagenumberof a mainentryor definitionis givenin bold, while the
pagenumberof anexampleis givenin italics. Mostmainentriesalsogiveanexample.

! (eventvalue),31
matchingwith !, 33
matchingwith ?,33

(*...*) (comment),58
, (list separator),13, 20, 29, 42, 57
-> (function),42
-> (guard),31
: (type),20, 42, 57
:= (definedas),20
; (actionprefix),11
; (equationseparator),44
= (equation),44
=> (equationcondition),45
>> (enabling),14

andexit, 18,35
? (setof eventvalues),32

matchingwith !, 33
matchingwith ?,33

[...] (gatelist), 13, 20, 29
[...] (guard),31,32
[> (disabling),15
[] (choice),11
_ (positionalparameter),43
|[::: ] | (partialsynchronisation),13
|| (full synchronisation),13
||| (interleaving),12

AbstractDataType,seeADT
accept, 35
ACT ONE, 2, 27,59
action

denotation,31
extendeddenotation,32
predicate,58
prefix,11

actualisation,of type,49
actualizedby, 49

ADT, 41
seealso type

algebra
initial, 59
of datatypes,59
operatorlaws,59

alphabet,of process,5
any, 36
assertion,8
associativity, 8
axiom,8

behavior, 58
behaviour, 58
behaviourdefinition,20
behaviourexpression,4

seealsosemantics
Bool_Sort(booleans),27

Calculusof CommunicatingSystems,seeCCS

cartesianproduct,6
case,seeguard
CCITT, 2
CCS, 2
choice,see[]
choice, 30

useof gatename,32
codomain,7
comment,see(*...*)
CommunicatingSequentialProcesses,seeCSP

commutativity, 8
concurrency, seeparallel
congruence,18, 59

observational,19
constant,27, 43
constraint

usingparallelism,13
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constructor, of sort,43
course

background,6
objectives,1
scope,1

CSP, 2

¡, 13
deadlock,5, 13
derivationrule,8, 58
disabling,see[>
domain,7, 29

efficiency, 6
enabling,see>>
endlib, 58
endproc, 20
endspec, 57
endtype, 42
enrichment,of type,42
environment,4
eqns, 42
equality

booleanvs.equational,45
vs. inequality,46

equation,44, 59
seealsoeqns
seealso formaleqns
ascondition,45
asguard,45
conditional,45
freevariable,44
seealsorewriterule

equivalence,18, 59
observational,19

ESTELLE, 2, 3
event,4, 31

kinds,4
namingconvention,5
offer, 4, 16
setof values,32
synchronisation,33
value,31

examples
adder, 34
addition,49
comparator, 37
confusingscopes,38
doubleblank,48
duplication,49
emptylist checker, 34
Fibonacciseries,38
flag,48
life, 28
list summation,35
LOTOS-Speak,25

networkservice,61–70
quickstep,23

exercises
events,22, 25
expressions,37, 39
improperfractions,51, 52
LOTOS-Speak,23, 25
one-shotdictionary, 22, 24
setof incrementablebits,52, 53–55
synchronisationtree,22, 24
washingmachine,51, 53

exit, 57
exit, 13, 20, 34

and>> , 18,35
expression,27
ExtendedFinite State-machineLanguage,seeES-

TELLE

FDT, 2
ESTELLE, 2
history, 2
LOTOS, 2
purpose,2
SDL, 2
standardisation,2
sub-groups,2

for , 48
forall , 47
FormalDescriptionTechnique,seeFDT
formaleqns, 48
formalopns, 48
formalsorts, 48
function,7

codomain,7
domain,7
in LOTOS, 7
partial,8
total,8

functionality
of >> , 36
of accept, 36
of choice,35
of disabling,35
of exit, 35
of parallel,35
of process,35

gate,4, 31,32
gatelist, see[...]
grammar, 8
guard

seealso->
seealso=>
seealso [...]
usingequation,45
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hide, 17
useof gatename,32

i, 17
from exit and>> , 18

if...then...else,seeguard
in, 17, 28,29, 35
inaction,13
inequality

vs. equality,46
inferencerule,8
infinite chatter, 19
initials, of behaviour, 5

¡, 13
i, 17

interactionpoint,4
interleaving,see|||
internalevent,seei
InternationalStandardisationOrganisation,seeISO
InternationalTelephoneandTelegraphConsultative

Committee,seeCCITT
Int_Sort(integers),27
is, 42
ISO,1
iteration,seerecursion

LanguageOf TemporalOrderingSpecification,see
LOTOS

let, 28
library , 58
library, of datatypes,31
livelock, 5, 19
loop,seerecursion
LOTOS, 2

application,3
datatyping,5
development,2
seealsoevent
features,3
seealso library
nature,3
operation,7
seealsooperation
operators,5
recursion,6
relatedlanguages,3
semantics,58
standardisation,2
syntax,8
timing, 5
variable,6
vs.CCS, 4
vs.CLEAR, 3
vs.CSP, 3
vs.OBJ, 3
vs. programming,6

member, of set,6

Nat0_Sort(non-negativeintegers),27
Nat_Sort(positiveintegers),27
noexit, 20, 36, 57
non-determinism

throughchoice,16
throughinternalevent,18

occurrence,bindingof variable,27
of, 47
ofsort, 47
OpenSystemsInterconnection,seeOSI
operation,27, 42

seealso formalopns
seealsoopnnames
seealsoopns
binaryinfix, 43
built-in, 31
seealsoconstant
seealsoconstructor
seealsoexpression
seealsooverloading
prefix,43
seealsorecogniser
seealsoselector
seealsosignature
total in LOTOS, 43

opnnames, 48
opns, 42
OSI,1

problems,1
over-specification,6
overloading,of operation,46

par, 30
useof gatename,32

parallel
for constraints,13
full synchronisation,see||
interleaving, see|||
partialsynchronisation,see|[::: ] |
useof gatename,32

parameter, 34
actual,20,49
formal,20,48

parameterisation,48
seealsoparameter

powerset,7
process,4

alphabet,5
seealso functionality
initials, 5
instantiation,20
local,28
namingconvention,4
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orderof definition,58
seealsoparameter
seealsoresult
scope,29

process, 20

recogniser, of sort,63
recursion,6, 20

mutual,21
tail, 21

relation,7
renamedby, 48
renaming,48
result,20,34
rewriterule,60

left-to-right,44

scope,of variable,27,28
SDL, 2, 3
selectionpredicate,32
selector, of sort,43
semantics

seealsoactionpredicate
seealsoderivationrule
of behaviour, 58
of datatypes,59

sequence
seealso>>
seealso ;

set,6
seealsocartesianproduct
equality, 6
seealsomember
seealsopowerset

signature,42
sort,27, 42

seealso formalsorts
seealsosortnames
seealsosorts

sortnames, 48
sorts, 42
specification,57

seealsoparameter
seealsoresult

specification, 57
SpecificationandDescriptionLanguage,seeSDL

stop, 13
symbol

non-terminal,8
terminal,8

synchronisation
seealsoevent
seealsoparallel
tree,5

syntax,8

temporalordering,5
termination

of choice,14
of disabling,15
of enabling,15
of parallel,14
of sequence,14
successful,13
unsuccessful,13

type
abstractdata,seeADT
seealsoactualisation
concretedata,41
definition,42
seealsoenrichment
seealsooperation
orderof definition,58
seealsoparameterisation
seealsorenaming,of type
seealsosemantics
seealsosort
seealsovariable

type, 42

using, 49

variable,6, 27
seealsoconstant
seealsoexpression
freein equation,44
local,28
namingconvention,27
seealsooccurrence
seealsoscope
seealsosort

where, 28, 58


