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Preface

LOTOS is, of course the productof a protractedstandardisatioprocessnvolving many peopleinternationally
LoTos hasbeendefinedby Sub-GroupC of the joint ISO+IEC Sub-Committee TC1/SC21/WG1underthe
Chairmanshipf Ed Brinksma(Universityof Twente Netherlands).

Theproductionof anearlyversionof thesdecturenotesvassupportedy the CEC(throughthe EspritSEDOS
project),andby ICL (throughthe QUASARSproject). | amgratefulto AlastairTocher(InternationalComputers
UK) for hiscomment®nthe earlyversion,andfor the manystudentsvho havehelpedto debugthem.
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Chapter 1

Intr oduction

1.1 Scopeand Objectives

- thiscoursés intendedo introduceall featuresof LOTOS
- thecourseconformsto the definitionof LOTOS givenin the InternationalStandardpublishedn 1989)

- thecoursasintendedor usersof LOTOS mainlythosewhowishto readandunderstandotosspecifications;
the coursethereforeconcentrate®n developingan intuitive graspof the languageby presentingbasic
conceptsbackedup by suggestiveexamples

- to the uninitiated,formal languagegand LOTOS is ho exception)appearabstruseandimpenetrablejt is
hopedthatreaderavho completethis coursewill haveovercomeheir ‘culture shock’,andwill feelableto
pick up specificationsn LoTos andgetsomethingout of them

- it shouldberecognisedhoweveythatLoTosis aformallanguageanintuitive understandingf thelanguage
is thereforenot a substitutdfor understandingheimplicationsof the formal semanticsvhich underlieit

- thiscourses thereforeonly anintroductionto LoTos asdefinedin thelSO standard

- throughouthe course copiousexampleshavebeenused;thesehaveintentionallybeenkeptlight (and,at
times,whimsical)in anattempto keeptheinterestof thereaderjt would bewrongto concludethatLoTos
wasapplicableto toy problemsonly

- thereaderof thecoursds encouragetb try theexamplesequally thereaderis encouragetib manufacture
otherexampleswvhich arerelevantto day-to-daywork; the readershouldavoid trying to specifyanything
too complexat first

1.2 Background and Context
1.2.1 OSI

- ISO (InternationalStandadisationOrganisatior) is producingStandard$or OSI (OpenSysteméntercon-
nectior) in responsdo the demand=f manufacturerand usersfor compatibleinterconnectiorof data
processingquipment

- OSlis a major 10-yeareffort, with thousandof man-yearsn designandspecificationto producea rich
varietyof telecommunicationstandardsor interconnectiorof heterogeneousquipment

- for the goal of compatibleinterconnectiorto be achieved,preciseand clear specificationsare needed;
howeveythevastmajority of ISO specificationg@recurrentlyin naturallanguage

- therearemajorproblemsn achievingcompatibleinterconnection:

1



2 CHAPTER1. INTRODUCTION

— how can ISO ensurethat thousandf implementersvorld-wide will interpretOSI standardsn a
compatibleway?

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

1.2.2 Formal Description Techniques

- thescaleandcomplexityOSlled to theformationof a groupto standardiséormal specificationanguages
for OSI

- ISOdeveloped-DTs (Formal DescriptionTechniqueyto providethe basisfor unambiguougnterpretation
of standards

- FDTs arerequiredto help:

— specifiers— precision,concisenesglarity, verifiability
— implementers— avoidanceof overspecificationglearguidanceasto what,not how

— testers— isolationof implementatioroptions,basisof rigoroustestingagainstspecifications

- workin ISO committeeSC21/WG1(OSI Architectue) wasestablishedh orderto developFDTs for OSI

- initially, around20 differenttechniquesvereproposedin two broadcategories:

— finite state-machin&chniqueswhich ledto ESTELLE (Extendedrinite State-Machiné.anguagé
— algebraidechniquesywhich ledto LoTos (LanguageOf TemporalOrdering Specificatioh

- threeFDT Sub-Groupsveresetup:

— A - Architecturalaspect®f FDTs
— B -ESTELLE
— C-LoT0S

- alatercollaboratioron FDTs wassetup with SGX/WP3of CCITT (InternationalTelephoneandTelegraph
ConsultativeCommitteg

- CCITT havealsostandardisedDL (Specificatiorand DescriptionLanguagé

- thenetresultis thattherearethreeofficially-recognised=DTs in ISOandCCITT

1.2.3 Developmentof Lotos

- Sub-groupC initially adoptedccs(Calculusof Communicatingystemys

- somenotationwaslaterintroducedrom csp(CommunicatingsequentiaProcesses

- thedevelopmenbf LoTos wasbasedn architecturaprinciples

- aprototypeof thelanguagavasusedon sampleOSI Standarddgeadingto improvementsn thelanguage
- theACT ONE datatypinglanguagevasaddedo allow formal andabstracspecificatiorof datatypes

- LoTos s thefirst pieceof mathematic$o bestandardisehternationally

- aninternationalStandard8807)for LoToswascompletedn August1988,after8 years’work!
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1.2.4 The Natureof Lotos
- LoTOsS is aspecificatiodanguage with a formal basis

- ESTELLE andsDL aresemi-formalimplementatiodanguagesusefulfor describingreferencamplementa-
tionsof OSlstandards

- LoTos is widely supportedy academignstitutionsworld-wide,andhassignificantindustrialsupport

- LoTos was designedor the specificationof OSI systemsput is equally suitablefor the specificationof
concurrenbr distributedsystemgenerally

- theformalbasisof LoTOS ensuregrecisiorandanalysabilityhoweverthisis boughtatthepriceof needing
specialrainingin thelanguageandmorebrain-work to understand 0Tos specifications

- usingLoTos demanddime andattention:
— specificatiodlanguagebaveadifferentphilosophyfrom programmindanguageandnaturalanguages

— expressingneselfpreciselyrequiresdiscipline
— thinking aboutwhat onereally meands hardwork

1.2.5 Application of Lotos
- LoTOS hasbeenusedmainly on OSlI, butthisis notanintrinsiclimitation
- LoTos is applicableto sequentialconcurrentanddistributedsystemsyenerally

- thefollowing LoTOS specification®f OSI havebeenwritten (CL = Connection-LesCO = Connection-
Oriented

— Application Layer : FTAM (File TransferandManipulation) andACSE (AssociatiorControl Service
Elementy

— PresentationLayer : somework (CO)

— SessiorLayer : completg(CO)

— Transport Layer : completg(CO)

— Network Layer : Service(CL, CO)andProtocol(CL)
— DatalLink Layer : Service(CL, CO)

- LoTOSis beingusedon newOSl developmentge.g. ODP(OpenDistributedProcessinjandOSIManage-
ment)

1.2.6 RelatedFormal Languages

- LOTOSIis analgebraicspecificatiorlanguagewhichincludesabstractiatatype languagesuchasAcT ONE,
andprocesslgebrasuchascspandccs

. notablefeaturesf LOTOS are:

— its integrateddatatyping andbehaviouramodelling
— its handlingof non-determinisnandconcurrency
— its orientationtowardsOSI

- LoTOS datatyping is similarto otherlanguagesuchascLEAR andOBJ
- LoTos usexcsklike notationfor events,!” and'?’, butthesearemorethanjust ‘input’ and‘output’

- this givesLoTOS powerful synchronisatiorieaturesnot in ccsor csp(e.g. multi-way synchronisatioror
valuenegotiation)
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- LoTOos gatescorrespondo cspchannelspoTos processefteractsynchronouslyjustasin cspandccs
- inLOTOoS, unlikein ccsandcsr it is gatesnot wholeeventsvhich arehidden,passedisparametersgtc.
- LoTos hasa‘kind choice’operation(CsP‘[ ]’ or ccs‘+’)

- LoTOS doesnot havethe cspnon-deterministichoiceoperation

. for non-determinism,oTos follows the ccsapproachof aninternalevent(ccs* @)

- LoTOS hasenablinganddisablingoperatorsn additionto basicccsor cspones

- LoTOS hascsp parallel composition,which forcessynchronisation:thereis no needto restrictand hide
eventdor synchronisationasin ccs

1.3 Basicsof ProcessAlgebra

1.3.1 Processes

- aprocesss a componenbf a specification;it is the abstractiorof an activity in animplementationand
communicatesvith otherprocesses

- a procesds consideredo be a black-boxat somelevel of abstraction;only the externalbehaviourof a
processs considered

- processeshareacommunicatioomechanisntalledaninteractionpoint, asshownin Figurel.1;thisis the
abstractiorof aninterfacein animplementation

o N TN

process | | process

interaction point

Figurel.1: InteractionPoint
- in LoTOS, the specificationconceptof interactionpoint correspondso the languageconceptof eventgate
(orjustgate

- processearespecifiedoy giving abehaviourexpessiorwhich definestheir externallyvisible behaviouiin
termsof the permissiblesequencesf eventsn whichtheymay participate

- in thesecoursenotes processearegivenuppercasenamessuchas:

ACTIVATE_ALARM DATA_TRANSFER

1.3.2 Events

. aneventrepresents synchonisationbetweerprocesses

- aneventofferrepresenttheability of oneprocesgo participaten anevent;eventsexternalto aprocessare
resolvedn conjunctionwith the envionmentof the process

- aneventnormallyrequireshe participationof two or moreprocesseghreekindsof eventarepossible:
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— pure synchonisation- no valuesareexchangedbetweertheprocesses

— valueestablishmentoneor moreprocessesupplya specificvaluewhichliesin thesetacceptabléo
theotherprocess(es)

— valuenegotiation- two or moreprocesseagreeon a setof values

- eventsareconsideredo beatomig i.e. atthelevel of abstractiorof the specificationthe synchronisation
of the processeandthe associatedhformationareestablishect the sametime; in animplementationan
eventmay of coursecorrespondo a sequencef elementarysteps

- thesetof eventsn which a processanpotentiallyparticipates calledthe alphabetof the process

- thesetof eventdn whichaprocesganimmediatelyparticipateatanypointin theunfoldingof its behaviour
is calledtheinitials of the process

- in the earlierpartsof thesenotes,eventswith only aneventgateare consideredmorecomplexstructures
for eventsareconsideredater

- a behaviourexpressionis evaluatedin an environmentwhich offers it eventsto synchroniseon; the
environmenmaybeanothebehaviouexpressionvhichit is combinedwith, or maybe somethingexternal

- if synchronisatiomn eventoffersfrom the environments notpossibledeadlockhasoccurredcf. adeadly
embraceor aterminatedprocess)

- if noeventsareofferedby a behaviourexpressionlivelockhasoccurred(cf. looping)

- in thesecoursenotes eventsaregivenlower-casenamessuchas:

timer_ expired ready

1.3.3 Temporal Ordering

- specificationsn LOTOS give thetemporalorderingof eventsj.e. therelativeorderingof eventsin time

- LoTOS abstractawayfrom absolutetiming considerations.g. thataneventmustoccurat a specifictime
or aftera specificperiod

- LoTos specificationsiseoperatoravhich combinebehaviourexpressionso yield morecomplexbehaviour
expressiongheseoperatorobeywell-definedawswhich enableany specificatiorto beinterpretedunam-
biguously

- thedatatyping partof LOTOSis givensemanticsisingthetheoryof algebrast otos operatorgor combining
behaviourexpressionsanbe shownto satisfyalgebraidawswhich characteris¢hem

- aconvenientdiagrammatigotationfor thinking aboutbehaviouiin languagesike LoTosis the synchoni-
sationtree asshownin Figurel1.2

occurrencef anevente e l

choicebetweereventse; or e, & e ©

Figurel.2: Synchronisatiofree
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1.4 Background Needed

1.4.1 Differencesrom Programming

- surprisinglylittle technicalknowledges neededo achievesomefamiliarity with LOTOS a numerateback-
ground,with a smallamountof basicmathematicendcomputing,is probablysuficient

- aknowledgeof programmindanguagewvill alsohelp,butbewardahatLoTtosbeingaspecificatiotanguage,
treatssomeconceptsn afundamentallydifferentway

- variablesin LOTOS are mathematicalariables: they are simply nameswhich happento be boundto a
particularvaluein particular onedoesnot assigra valueto aLoTOS variableasonemight assigna valueto
astorelocation;in LOTOS onecannotwrite, for example:

X:=x+1

onemustin effect definea newvariable(x®, say)whichis boundto the valueof theold x plus1

- recursionin programmindanguagess usuallythoughtof in termsof astackwhichrecordseturnaddresses;
awell-behavedgrogramunwindsthis stackbeforecontinuing

- in LOTOS, howevey onemay exit from within a recursivepieceof behaviourto do somethingcompletely
different;this is becauseecursionin LOTOS is equivalentto replacinga recursivecall with a copy of the
textdefiningthe behaviour

- efficiencyis animportantconsideratiorin programming but is not appropriatan LOTOS, one shouldnot
think of ‘implementing’LoTos literally, andmustthereforenot be concernegboutmattersof efficiency

- agoodspecificatiorclearlydefinesvhatandnot how; this contrastsharplywith programmingwhereone
frequentlymakesdesigndecisiongo optimisethe useof store,processqretc.

- overspecificatiormustbecarefullyavoidedn LOTOS onemustalwaysconcentratenexternakequirements
andblack-boxbehaviouynot structuresr algorithmsto implementthese

- for example,one shouldspecifya queuein termsof the operationson it (enqueuegdequeuehead,etc.)
ratherthanin termsof linked-lists,algorithmsfor skippingdownthe queuegtc.

1.4.2 Setsand Relations

- asetcanbethoughof asanunorderectcollectionof elementsn which duplicatesareignored(this glosses
overcertainmathematicahiceties)

setsareusuallywrittenin curly bracketsfor example:

KennethJohn;Turner

- theemptyset g, hasno elements

. eachelemenin asetis amembelof thatset;onesetis includedin anotheiif its membersarealsomembers
of the otherset;thefirst suchsetis asubsebf thesecond

- two setsareequalif theyhavethesamemembergi.e. eachis a subsedf the other)

- the cartesianproductof a numberof setsis the setof all tuples(orderedlists) drawnfrom the sets;the
symbolx is usedfor this ‘multiplication’ operationfor example:

«un; fally - [down;off; out

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

< fall; off>; < fall; out>;
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- thepowerset», of asetis thesetof all its subsetsfor example:

PP 1 O

@ P 3 G B iy P O ds O P On

- arelation betweentwo setsis a setof orderedpairsof elementdrom the two sets(it is a subsebf their
cartesiarproduct);for exampleFigurel.3correspondso:

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

< apple;red>; < longan;stramineous;

lemon N — gyellow
lime=— S
apple
persimmon

longan

—» stramineous

Figure1.3: Exampleof aRelation

1.4.3 Functions

- afunctionis a relationwhich mapsan elementin one setto exactlyone elementin anotherset (several
elementsnaygetmappedntothe sameelement)

- thesetto whichthefunctionis appliedis its domain thethe setto whichthefunctionmapsis its codomain
thefollowing mathematicahotationis usedfor this:

F:D.C

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

- afunctionmayalsomapfrom severaketsto severakets;for examplejn integerarithmetic:

divide: dividendx divisor - quotient remainder

which hasas‘argumentsthe numberto be divided andthe divisor itself, andhasas ‘results’ the quotient
andremainder

- howeverfunctionsin LOTOS areallowedto haveonly onenamedsetascodomainpnesolutionto thisis to
defineseparatdéunctionsfor eachcodomainfor example:

divquot: dividend- divisor - quotient

divrem: dividendx divisor . remainder

suchfunctionsarecalledoperationsn LOTOS
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- atotal functionor operationgivesa mappingfor eachelementn its domain,otherwiseit is partial

- anassociativeoperatioris onein which the bracketings irrelevant;for examplejn ordinaryarithmetic:
(axb)xc=ax(bxc)
andsomay bewritten withoutambiguityas:

axbxc

- acommutativ@peratioris onein whichtheorderof theoperandsloesnot matter;for examplejn ordinary
arithmetic:

a-b=b-a

1.4.4 Syntaxand Semantics

- syntaxis usuallyexpressedisinga grammar this consistf a setof rulesin which non-terminalsymbols
(variablesof thegrammaryredefinedin termsof non-terminakymbolsandterminalsymbolqconstant®f
thegrammar)

- thedefinitionof LoTOS syntaxincludesthefollowing constructs:

— recursionis expressetby, for example:
echo="hello" echo

which definesechoto be hello (a terminalsymbol) followed by echg in otherwords, echois an
unboundedepetitionof hello

— achoiceis expressedtby, for example:
mood= happy; sad

— anoptionalpartof arule is expressetby, for example:
sentence subjectverb[object]
which saysthatzeroor oneoccurrencesf object areallowed

- asetof derivationrulesis a systemof logic for dealingwith inferencessucha systemis usedto express
thesemantic®f LOTOS operators

- a derivationsystemhasa setof axioms(logical formulaefrom which othersare derived),and a set of
assertionglogical formulaewhich mayor maynotbederivable)

- alogicalformulais derivedby applyinginferencerulesof theform:

Py; vy Py
Q

meaninghat,givenP; upto P,, Q maybederived

. theshorthandhotation:
=P

meanghatP canbederivedfrom theaxiomsandtheinferencerules
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1.5 Summary
- LoTos is aformal specificatiodanguagebeingdevelopedy ISO for the specificatiorof OSI Standards
- LoTos is generallyapplicableto the specificatiorof concurentanddistributedsystemsgenerally

- LOTOS is an algebraic specificationanguagewhich describesystemsby giving their externallyvisible
behaviouiin termsof the permissiblesequencesf eventsheymay participatein

- LoTOS specificationgonsistof behaviourexpessiongoften generaliseé@s processgswhich synchronise
oneventatgates

- eventamaybe pure synchonisation valueestablishmenor valuenegotiation

- thealphabetof a behaviourexpressions the setof all its potentialeventswhereasts initials arethoseit
canimmediatelyoffer
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Chapter 2

BasicProces€Expressions

2.1 Sequence

- the sequentialcompositionoperator‘;’ is usedto prefix a behaviourexpressiorwith an eventcalledan
actionprefix for example:

button_pressedRING_BELL
- actionprefixesassociateo theright; for example:
connect requestronnect confirm;data;DISCONNECT
means:
connect request{connect confirm; (data;DISCONNECT))

- thealphabebf this behaviourexpressiorns:

connect requestronnect confirm;data

pluswhatevereventsherearein DISCONNECT

2.2 Choice

- thechoiceoperator[]' is usedwhenalternativebehavioursareallowed;for example:
(lift_ arrived;ENTER)[] (lift_ broken;USE_STAIRS)

- choiceis associativéasonewould expect);for example:
EAT [] DRINK [] BE_MERRY

11
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meanghesameas:

(EAT [] DRINK) [] BE_MERRY
and:

EAT [] (DRINK [] BE_MERRY)

butnoticethatonecannoteat,drink, andbe merry!

- choiceis alsocommutativglasonewould againexpect);for example:
PAY_A_FINE[] TAKE_A_ CHANCE
meanghesameas:
TAKE_A_ CHANCE[] PAY_A_FINE
- theinitials of thebehaviourexpression:
(lunch_bell; EAT) [] (boss_here;WORK) [] (fire; PANIC)

are:
dunch_bell; boss here;firg

- in the straightforwarctase the choicebetweeralternativess resolvedby the environmenbf the process;
in theexampleabovejf theenvironmenbffersonly fir e thenthe procesill PanIC

- morecomplicateccasesnvolving non-determinisnareconsideredaterin thesenotes

2.3 Parallelism

2.3.1 Interleaving

- theinterleavingparallel compositioroperator*;’ is usedto allow behaviourgo unfold completelyinde-
pendentlyin parallel;theeventsdrom eachbehaviourexpressiorareinterleaved

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:::

- i’ is associativendcommutativgasonewould expectjn orderto captureheintuitive concepbf running
in parallel)
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2.3.2 Synchronisation
- thesynchonisingparallel compositioroperator;’ is usedwherethereareeventghatneedto be synchro-

nised;in this casethe events(strictly, gates)which occurin eitherof the behaviourexpressionareobliged
to synchronise

for example:

(bang;start;finish; ATHLETE)
Il
(bang;start;finish; STARTER)

mayengagen thefollowing sequencef events:
bang;start; finish;:::

- if only certaineventsareto besynchronisedhe’|[::: ]/ form of theoperatoiis usedwith theeventgstrictly,
gatesnamedbetweeri[ and‘]’; for example:

(off_hook;dial; answer;speakpn_hook; TELEPHONE)
|[dial]|

(find_number;dial; engage brain;speak;,CALL)

will synchroniseonly on the dial event,andwill allow speakin the secondbehaviourexpressiorbefore
answerandafteron_hook in thefirst behaviourexpressior{a possiblyrealisticsituation)

- 4[] with an explicit empty list, or with no gateswhich occurin the two behaviourexpressionsis
equivalento ‘y/’

- 4[]0 with anexplicit list whichiis in fact the unionof the two setsof gatess equivalento *y/

- like “y, v or‘[::]) is associativendcommutative

- parallelcompositioncanbe usedto expressndependentonstraintsfor examplethe constraintsbreakfast
mustpreceddunch’ and‘lunch mustprecedalinner canbeexpressedy:

(breakfastjunch; AM) ([lunch] (lunch;dinner;PM)

thisallowsa separatiorof concernsnotto mentioneatinghabits!

2.4 Termination

2.4.1 Inaction and Success

- thesimplestbehaviourexpressioris ‘stop, which offersno eventsandthereforedoesnothing;it is usedto
represeninactionor deadlock

- successfulerminationof abehaviourexpressioris representedly ‘ exit’, which offersa specialevent;j and
thenbehavessstop

- | is partof theunderlyingmathematicamodelof LoTos andis notaneventwhich canbeexplicitly offered,;
i mayalsobeanimpliedinitial of abehaviourexpression
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- successfuterminationof a sequencéusingthe’;’ operatordepend®n whetherthe right-mostbehaviour

expressions stop or exit
for example:

clock_in; clock_out; exit

mayterminatesuccessfullybut:

born;died; stop

cannot

- successfulerminationof a choice(usingthe'[]’ operatordepend®nthesuccessfuterminationof oneof
thebehaviourexpressionsor example:

(fail; stop) [] (catastrophestop)

cannotterminatesuccessfullybut:

(lift_ off; exit) [] (armageddonstop)

maysucceed

- successfuterminationof a parallelcomposition(usingthe ‘y’, ‘', or ‘|[:::]" operatorsdependsn the
successfuterminationof all of the behaviourexpressionsfor all theseoperatorsthe specialtermination
event; is alwayssynchronised— evenin thecaseof ‘y/’

for example:

(finished;exit) y (done;exit)

mayterminatesuccessfully

2.4.2 Enabling

- asa generalisatiorof the ;’ operator which is usedfor the sequentialcompositionof an eventand a
behaviourexpession the ‘>>" operator(pronouncedenable$ combinestwo behaviourexpessionsin
sequence

for examplejf processHoPIs:

visit_shop;buy_food;come_home;exit

andprocesEAT is:
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cook_food; eat_food; stop
thentheprocesINE, definedby:

SHOP>> EAT

denoteghepossiblesequencef events:

visit_shop;buy food;come home;cook food;eat food

- exit (i.e. thej event)is absorbedy afollowing ‘>>"

- if theleft-handbehaviourexpressiordoesnot terminatesuccessfullythe right-handbehaviourexpression
will notapply;for example:

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

cansuccessfullyerminateafterthe sequencef events:

prime_5; prime_7; prime_11

butwill deadlockafterthesequencef events:

prime_5; prime_7; prime_9
. '>>" |s associativebutis not of coursecommutative

2.4.3 Disabling

- a frequentoccurrencein specificationss the needto specify behaviourwhich may be interruptedby
somethingelse(e.g. disconnectiommayterminatedatatransfer)

- the‘[>" operator(pronounceddisabledby) allows the right-handbehaviourexpressiorto interruptthe

left-handbehaviourexpressionijf this happensthe future behaviouris that of the right-handbehaviour
expressioronly

- if theleft-handbehaviouexpressioterminatesuccessfullythenthecombinatioralsoterminatesuccess-
fully (i.e. disablingis nolongerpossible)thisis to allow for contingencies

for example:

(send_data;reset _timer; receive_acknowledgemengxit)
[>

(timer_expired;sound_alarm;stop)

mayterminatesuccessfullyf anacknowledgemerns receivedo a messageyut maysoundanalarmif no
acknowledgemens receivedwithin sometime period
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- bewarethatbehavioumaybedisabledbetweerits ‘last’ eventandstop or exit

thus,intheexampleabovetimer_ expiredmayoccurbefoeresed_timer andafterreceive_acknowledgement
this couldberealisticin anactualimplementation

- theleft-handbehaviourexpressioris oftennon-terminatingiterativeor recursive) andtheright-handone
is oftena closing-dowrbehavioumexpressionfor example:

DATA_TRANSFER[> DISCONNECTION

- ‘[ >’ is associativebutis not of coursecommutative

2.5 Non-Determinism

2.5.1 Non-Determinismdueto Choice

- theeventsin aprocesspecificatiorareeventoffers the actualeventswhich happermay beinfluencedby
theenvironmenbf the process

for example:

(wake_up; MAKE__ COFFEE)] (open_wine; GET_DRUNK)

will resultin MAKE__ COFFEEOr GET_DRUNK dependingn the sobrietyof the environment

- however identical eventsmay be offered asalternatives:in this case,the environmentcannotinfluence
which branchis taken;the choiceis madenon-deterministically

for example:

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

will resultin CHINESE_MEAL or INDIAN _MEAL afterthe environmenhasofferedeat out, andcannotbe
influenced

- non-determinisnis bestunderstoodby consideringhesynchronisatiotreefor the behaviourfor example:

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

hasthe synchronisatiotreeshownin Figure2.1

Figure2.1: Synchronisatiofreewith Initial Choice

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

hasthe synchronisatiotreeshownin Figure2.2

b e C
R @

Figure2.2: Synchronisatiofreewith DeferredChoice

- in thefirst case the environmenbffersa but hasno choiceasto whatfollows: it maybe offeredb orc; in
thesecondcasetheenvironmentanstill decideonb or c afterofferinga

2.5.2 Hiding

- LOTOS supportstop-downdecompositiorof behaviour: processeg¢specificationcomponentsganbe pro-
gressivelydecomposeahto simplerprocesses

- however it is importantthat the detailsof this decompositior(in particular any internalevents)are not
visible ata higherlevel

- thehiding operator*hide ... in’ is thereforeusedto hide events(strictly, gates)which areinternalto the
behaviournf a systemfor example:

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

mayengagen thesequencef events:

begin;middle;end;j

but:

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

mayengagen only:
begin;end;;

2.5.3 Internal Events

- ahiddeneventis representedy i, theinternalevent;i maybeaninitial of abehaviourexpression
for example:

hide secondn (first; secondthird; stop)
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mayengagen:
first; ;; third

- the internal eventrepresentsion-determinisnsince the environmentmay not influenceit; becausdhe
internaleventmay affect subsequernitehaviourdueto aninternalchoiceit is usefulto represenit because
it ‘explains’ why a particularbehaviouhappened

for example:

WORK(] (i; GO_TO_BED)

indicatesthatGo_T0_BED may happerwithout WORK beingan option; the i represents decisionwhich
cannotbeinfluencedby the environment

this mightarisefrom:

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

- oncetheinternaleventhasoccurredpnly the behaviouifollowing it is allowed

- it is quitelegitimatefor all branchedo be ‘protected’'with ani; for example:

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

- theinternaleventis oneway of expressingmplementatiorfreedom(wheretherearedifferentwaysto do
something)pr someinternaldecision(whichit is notappropriateo spelloutata givenlevel of abstraction)

- internaleventsareindistinguishablérom eachother

- whenexit combineswith ‘>>", theresultis thatthe j eventturnsinto aninternalevent

2.5.4 Behaviour Equivalence

- theintroductionof the internaleventraisesquestionsf whentwo behaviourexpressiongneanthe same
thing

- twobehaviouexpressionareisomorphidf theycanbetransformednto eachotherby systematicenaming;
for example:

(slithy; slithy; mimsy; BOROGOVE)

I
(mimsy;slithy; BOROGOVE)

isisomorphicto:

(lubricilleux; lubricilleux; enmime;GOUGEBOSQUET)

I
(enmime;lubricilleux; GOUGEBOSQUET)
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- two behaviourexpressiongreobservationallyequivalentf they exhibit the samebehaviourignoringthe
internalevents;underthis equivalenceanyfinite sequencef internaleventscanbe ignoredexceptin the
contextof a choice

for example:

aye;i;i; EYE

is observationallyequivalento:

aye;EYE

for example:

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

is observationallyequivalento:

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

- aninfinite sequencef internaleventss calledinfinite chatterandcorrespondso livelock for examplea
processIVELOCK maybedefinedas:

hide beepin ( beep;,LIVELOCK )

- observationatongruencéoldswhenonebehaviow expressiorganbesubstititedfor anothein all contexts;
for example:

i; PROC1

is notobservationallycongruento:

PROC1

becausdt changesheoverallmeaningvhensubstitutedor it in acontextsuchas:

PROC1[] PROC2
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2.6 Behaviour Definitions

2.6.1 Definition and Instantiation

- aprocesss givenanameandparameter®y a behaviourdefinition for example:
processGIVE_LECTURE
[write_notesgive_lecture,understandsubject]: exit :=
write_notes;give_lecture;understandsubject;exit

endproc

- aprocessnayoptionallybefollowed by alist of eventg(strictly, gates)nside’[...]’

- thekeywordexit is usedin the headindline if the procesamay terminatesuccessfullynoexit is usedif it
canneverterminate

- the behaviourdefinition gives formal parametersto the process;the processs referredto in a process
instantiationby giving actual parametersuchas:

GIVE_LECTURE
[plagiarise_notes by Ed, lecture_at_Stirling, understandLOTOS]

. aprocessnayalsobeoptionallydefinedio haveparameterandresults;for example:

procesPROC[gates](parameters) exit (results).=

endproc

thisis coveredn detaillaterin thesecoursenotes

2.6.2 Recursion

- aprocessnayreferto itself in its definition;for example:

procesPRESS UP [up, down]: noexit :=
up;down;PRESS UP [up, down]
endproc
- itisimportantnotto think of thiskind of recursiorin aprogrammindanguagesensethereis no‘subroutine

stack’, which hasto be unwoundneatly; recursionis equivalentto repeatedextual substitutionof the
definitionof a process
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- (tail) recursion

s theway of expressingterationin LOTOS

- mutuallyrecursiveprocessearealsoallowed;for example:

processFLIP [in_0,in_1,out_0,out_1]: noexit:=

in_1; FLOP[in_0,in_1,out_0,out_1]

I

out_O; FLIP [in_0,in_1, out_0,out_1]

endproc

processLOPJ[in_0,in_1,out_0,out_1]: noexit:=

in_O; FLIP[in_0,in_1,out_0,out_1]

I

out_1;FLOPJin_0,in_1,out_0,out_1]

endproc

2.7 Summary

- basicLoTOS operatorsare:

sequence
enabling
choice
parallelism

disabling
hiding
termination

event;NEXT_PROCESS
FIRST_PROCESS> SECOND_PROCESS
POSSIBILITY[] POTENTIALITY

INTER i LEAVED

EITHER, ALPHABET

EXPLICIT [subset]ALPHABET

HEALTH [> ACCIDENT

hide top_secretin MI5

stop

exit

21

- thepossibility of successfulerminationdepend®n the succes®f oneprocesdor the choiceoperatorand
all processefor the paralleloperators

- non-determinisns expresse@vhentheenvironments offereda choiceof thesameeventspr with i (which

may ariseexpl

icitly or dueto hiding)

- observatiorequivalencéoldswhentwo processebavethe samebehaviousignoring(finite sequencesf)
internalevents

- behaviourdefinitionsgive processeaamesandparameters

processvOID [null] : noexit:=

null; stop

endproc
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2.8 Exercises

2.8.1 SynchronisationTree

- considetlettersto correspondo eventsandwordsto correspondo sequencesf events
- constructa synchronisatiotreewhich spellsthewords‘spa’, ‘stop’, ‘strap’, and‘strop’

. translatehisinto LOTOS

2.8.2 One-ShotDictionary

- specifythe following application,which hasbeendevelopedo translateEnglishwordsinto both French
andGerman

- unfortunately owing to shortageof developmenfunds,the only wordswhich arecurrentlytranslatecare
‘cat’ (‘chat’, ‘Katze’) and‘dog’ (‘chien’, ‘Hund’)

- evenmoreunfortunatelydueto severeoverloadingof the CPUthe systemmanagehasdecreedhata user
may haveonly oneword translatedeachtime the applicationis used;afterthis, the applicationterminates
successfully

- however whenthe applicationwasbuilt it wasdesignedvith parallelprocessingn mind; the Frenchand
Germarnranslatiorfunctionsthereforerun concurrently

- finally, theuserhasoptionof killing theentireapplicationat anytime, resultingin the applicationaborting

2.8.3 Events

- whatis thealphabebf the behaviourexpression:

BUCKET_BRIGADE [from, to]
[>
BUCKET_KICKED [done]

giventhedefinitions:

proces8BUCKET_BRIGADE [input, output]: noexit:=
input;
output;
BUCKET_BRIGADE [input, output]

endproc

proces8BUCKET_KICKED [dead]: noexit:=

dead;
stop

endproc

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

whatareits initials? UNGAINLY__ QUICKSTEPIs definedby:

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

slow;

(

slow; quick; quick; exit

I

i; stumble;exit

)

>>
UNGAINLY_ QUICKSTEP[slow, quick, stumble]

endproc

- give abehaviourexpressiomwithoutinternaleventswhichis observationallyequivalento:

|_dont_see;i; to; i; with_him; stop

- give abehaviourexpressiomwithoutinternaleventswhichis observationallyequivalento:

hide ain ((i; a;B [a]) i (a;C[a]) )

- give abehaviourexpressiomwithoutinternaleventswhichis observationallyequivalento:

(Paris;DANS) y (le; printemps;exit)

I
hide le in ( (le; stop) [[le] (le; printempsexit) )

2.8.4 Lotos-Speak

23

- itisreportedhatlSO hasinstructedall nationalstandardsrganisationso install LOTOS-Speakmachinesn

theirheadquarters

- thesemachinesaccepta 10 ECU coin andthenutterarandomsentencallowedby thefollowing grammar

(seesectionl.4.4for the notation):

sentence = noun_phraseverb_phraseadjective_phrase
noun_phrase = "LOTOS' ["syntaX].

verb_phrase = "seem$ " proves .

adjective phrase = adverbadjective.

adverb =  "really" " unbelievably .

adjective "awful" | " wonderful' .
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- afterspeakingthemachinds willing to accepta newcoin andrepeatheabove

- unfortunatelythe machinewasnot designedrom a formal specificatiorandis liable to fail permanently
issuingaargh once

- specifyprocessesvhosepermissiblesequencesf eventscorrespondo the sentencethesemachinescan
utter

2.9 PossibleSolutions

2.9.1 SynchronisationTree

- thetreeshownin Figure2.3maybespecifiedas:

S;
(
(p; &; stop)
I
(8
(
(o; p; stop)
I
(r
(
(a; p; stop)
I
(o; p; stop)
)
)
)
)
)
y
P ot
aL F;)@ e I
. pL Fi’i@ e O

Figure2.3: PossibleSynchronisatiofree

2.9.2 One-ShotDictionary

- apossiblesolutionis:
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(cat;chat;exit)
I
(dog;chien;exit)

)
[cat,dog]

(cat;Katze;exit)
I
(dog; Hund;exit)
)
)

[>
(kill; stop)

- thisis dividedup by languaggFrenchtranslatiorandGermartranslation) put couldalsobedivided up by
word (‘cat’ translatiorand‘dog’ translation)

2.9.3 Events
. from, to, done
- lento,i
- |_dont_see;to; with_him; stop
- hideain (B[a] 1 C[a])

- ((Paris;DANS) y (le; printempsgexit) ) [] (printempsstop)
2.9.4 Lotos-Speak

processMACHINE
[ten_ECU,LOTOS, syntax,seemsprovesreally, unbelievablyawful,
wonderful,aagh] : noexit :=

SENTENCE
[ten_ECU,LOTOS,syntax,seemsproves really, unbelievablyawful,
wonderful]
[>
FAIL [aagh]

endproc

processSENTENCE
[ten_ECU,LOTOS, syntax,seemsproves really, unbelievablyawful,
wonderful]: noexit :=

ten_ECU;

NOUN_PHRASE[LOTOS, syntax]
>>VERB_PHRASE[seemsproves]
>>ADJECTIVE_PHRASE[reaIIy, unbelievablyawful, wonderful]
>>SENTENCE
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[ten_ECU,LOTOS,syntax,seemsproves really, unbelievablyawful,
wonderful]

endproc

processNOUN_PHRASE[LOTOS, syntax]: exit :=
LOTOS;( (i; syntax;exit) [] exit)

endproc

processVERB_PHRASE[seemsproves]: exit :=
(i; seemsgxit) [] (i; proves;exit)

endproc

processADJECTIVE_PHRASE
[really, unbelievablyawful, wonderful]: exit :=

ADVERSB [really, unbelievably]
>>ADJECTIVE [awful, wonderful]
endproc
processADVERSB [really, unbelievably]: exit :=
(i; really; exit) [] (i; unbelievablygxit)
endproc
processADJECTIVE [awful, wonderful]: exit :=
(i; awful; exit) [] (i; wonderful;exit)
endproc
processFAIL [aagh] : noexit:=
i; aagh; stop

endproc



Chapter 3

BasicValue Expressions

3.1 Values

- sofar, eventsandeventgateshavebeentreatedassynonymousprocesparameterandresultshavealso
notbeencovered

- LOTOS containsa data-typingsub-languagealledACT oNE which allows variablesand value expressions
suchas:

Number_of Hackers
succ(succ(succ(0)))

Concurrency& Synchronisation
- in thesecoursenotesvariablesnamesaregiveninitial capitalssuchas:

Repeat_Count Data_Request

- LoTOosvariablesaremathematicavariables theyarenotassignedaluedike astorelocation;theyrepresent
thebindingof anameto avalue

- anexpessionconsistof constantsvariables andoperations

- avariableis givenavaluein a bindingoccurence its scopeis generallythe behaviourexpressiorwhich
follows its bindingoccurrence

- asortis asetof valuesithefollowing arecommonsorts:
Bool_Sort theBooleangtrue, falsg
Int_Sort theintegery...,-1, 0, +1, ...)
NatO_Sort thenon-negativentegers0, 1, ...)

Nat_Sort  thepositiveintegerql, 2, ...)

- avariableis 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

- localvariablesmaybedefinedusingthelocal definitionoperator‘let ... in’; for example:

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

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

- asusualthesortof alocal variableis givenin theselocal definitionsfollowing *:’
- thescopeof suchlocal variabless the behaviourexpressiomwhich follows in

- theclosestbinding determinesvhich valueis denotedfor example assuminglecimalnotationandarith-
meticin thefollowing:

let X : Int_Sort=21in
let Answer: Int_Sort= X+X in
let X : Int_Sort=666in
WITMOLTUAE (Answer)

theparametewvaluefor proceSswITMOLTUAE is 42

3.2.2 Local Processes

- processemayreferto otherprocessewnhich arepurelylocalto them,definedusing‘where'; for example:

procesd IFE
[birth, puberty deathmarriage children]: exit :=

BIOLOGY [birth, puberty death]
[puberty death]
FAMILY [puberty marriage children,death]

where
procesBIOLOGY [birth, puberty death]: exit :=

birth;
(

(puberty;stop)
[>

(death;exit)
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)

endproc

processFAMILY
[puberty marriagechildren,death]: exit :=

(
(
puberty;
(
(marriagegxit)
I
exit

)

)
[puberty]
(
puberty;
(

(children;exit)
0
exit
)
)
)

[marriage]

(

(marriage;stop)
[>

(death;exit)
)

endproc

endproc

notethatthis allowschildren beforemarriage andafterdeath; it alsoexcludesnfant deathin behaviours
which donotdeadlock!

- thelocal processemayreferencesachotherandtheenclosingorocesstheenclosingorocessnayreference
thelocal processes

3.2.3 Domains

- eventgstrictly, gateslandvariablesmaybe allowedto rangeovera setof values;for example:

Dayin [Mon, Tues,Wed, Thurs,Fri, Sat,Sun]

Prince: Con_Sort
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- suchdomainsmaybe usedto distributethefollowing operatorovera set:

1 i I i[---]

- LoTos restrictsthe useof theseoperatoravith domainsfor example:

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

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

par inputin [linel,line2,line3,line4] [control],
MULTIPLEXER [input, control]

- only onekind of domain(gatesor values)maybeusedatatime

- notethatthe specifiedoperatorindicateswhatis beingdistributed,so thatthe first exampleaboveshould
notbeparseds:

(choicepush,pull : Nat_Sort)

I
(AMPLIFIER (push,pull) )

- theuseof adomainis equivalento writing outthebehaviouexpressionvhichfollows for eachof theevent
gatesor valuesin the set;for example:

choiceeventin [write, read][]
choiceB : Bit_Sort][]
event;MEMORY (B)

is equivalento:

write; MEMORY (0)
I

write; MEMORY (1)
I

read;MEMORY (0)

I
read;MEMORY (1)
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3.3 Guards

- behavioumaybe madeconditionalby usingtheguard operator’[...] ->’; for example:

[Bonus> 5000]-> ACCEPT_JOB

- if theconditionalexpressionn the guardevaluatego true thenthefollowing behaviouiis permitted;if the
conditionalexpressiorevaluatego falsethenthewhole behaviourexpressions equivalento stop

- this operatormay be usedto achievethe effect of ‘if...then...elsé or ‘casé suchasmight befoundin a
programmindanguagefor example:

([Temperatures 0] -> THAW )

I
([Temperaturec= 0] -> FREEZE)

([Weathewillbe Sunny]-> WEAR_T_SHIRT)
([Weathewillbe Rainy]-> TAKE_UMBRELLA )
([Weathewillbe Snowy]-> WEAR_ANORAK )
([( (WeathemwontbeSunny)and (WeathewontbeRainy)) and
(WeathewontbeSnowy)]-> WEAR_JACKET)
- aguardmayalsobeanequatiornbetweernvalues;for example:

[core_meltdown=imminent]-> SCRAM

- notethat arithmeticoperationge.g. ‘<=") andbooleanoperationge.g. ‘and’) arenot built into LOTOS,
normally, they would be definedin alibrary, butit is explainedaterin thesecoursenoteshow operations
canbedefined

3.4 Eventswith Values

3.4.1 Action Denotation

- anactiondenotationis the eventpart of anactionprefix; sofar in thesenotes,only eventswhich namean
eventgatehavebeenconsidered

- in LOTOS, anexplicit eventproperlyspecifiesaneventgateandafinite sequencef values;for example:

tick
dial! emegency

statisticsl 36! 24! 36
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- it is alsoconveniento specifysetsof values;thisis calledanextendedctiondenotation for example:

coord? X : Int_Sort? Y : Int_Sort

colour? Prim: Primary_Sort

butthisis only ashort-handor writing outa choiceof eventofferswith ‘I’ for eachvalue;thelastexample
aboveis thusequivalento a choiceof:

colour! Red
colour! Yellow

colour! Blue

- both"" and'?’ formsmaybemixed;for example:

calendar? Month: Month_Sort! 1986

notethata multi-parteventlike this s still atomic: its valuesarenot established a sequencef events;jt
is thereforenotequivalento:

calendar? Month: Month_Sort;calendat 1986

- aneventmayalsobefollowed by a selectionpredicate— a constraintwvhichrestrictsthe valuesoffered;for
example:

p?XY,z: Nat_Sort[SQR(x) + SQR(y) = SQR(2)]

will accepbonly thosetriplesof valueswhich satisfythe Pythagoreaequationtheshorthancotationused
herefor ‘?’ is equivalento:

p?x: Nat_Sort?y: Nat Sort? z: Nat_Sort

- only thegatenamein eventds givenin constructionsuchas:

[gatel,gate?]
hide g2in PROCI[g1, g2]
choicegatein [puerta,Tor]

par gatein [way, crash]
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3.4.2 SynchronisationRules

- only eventofferswhich areidenticalmay synchronisefor example:

take! 5

may synchronisevith:

take! (2+3)

assuminghormalrulesfor numbersputnotwith:

give! 5
take! 8
take! 2! 3
take! 510

take! five

- becausehe‘?’ form of eventis equivalento a choicebetweera setof values,”?” maysynchronisevith
‘I if thesetof valuesincludesthe specificallyofferedvalue;for example:

meeting? Day: Working_Day_Sort

may synchronisevith:

meeting! Tuesday

but notwith:

meeting! Sunday

- afurtherpossibilityis thatbotheventoffersareof the*?’ form; in thiscasetheeffectis of anagreemenon
avaluefrom theintersectiorof the setsof values(if thisis non-empty)providedthe valueshavethe same
sort

for example:

holiday? Month: Month_Sort[ls_ SummerMonth)]
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may synchronisevith:
holiday? Mon : Month_Sort[Has_31_Days(Mon)]
to offer achoiceof:

holiday! July

holiday! August
whereas:

weight? W : Int_Sort[W > 0]
will notsynchronisewvith:

weight? W : Int_Sort[W < 0]

3.5 Processewvith Values

3.5.1 Parametersand Results

- aprocessnaybegivenformal parametersasallist of variablesandtheir sorts;their scopeis thebehaviour
definitionof the process

for example:
processADDER [input, output](Base: NatO_Sort): noexit:=
input ? Offset: NatO_Sort;
output! Base+ Offset;

ADDER [input, output](Base)

endproc

- aprocessnayalsoyield a list of results;thesearewritten asalist of sortnamesonly following exit in the
headeiof the procesdlefinition

- theresultsof aprocessaregivenusingexit in thebodyof the procesglefinition;for example:

procesEMPTY (list : List_Sort): exit (Bool_Sort):=
[eq (list, nil)] -> exit (true)
I

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

endproc
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- theresultsof a processaaremadeavailablewith the‘>>" operatorusing‘accept... in’ to matchtheresults
list of the processfor example:
processSUM [ip] (Num: NatO_Sort): exit (Int_Sort):=
(
[Num =0] -> exit (0)
)

I
(

[Num> 0] ->
ip ? Val : Int_Sort;
SUM [ip] (Num- 1)
>>

acceptTotal: Int_Sortin
exit (Val + Total)

)

endproc

3.5.2 Functionality

- thefunctionality of a processs the setof tuplesof resultsit canproduce for example:

procesDIVIDE [source](Divisor: Nat_Sort): exit (Int_Sort,NatO_Sort):=

hasfunctionality:

Int_Sortx Nab__ Sort
- generallyspeakingif thebehaviouexpressionsombinedy someoperatocanterminatetheirfunctionality
mustbethe samefor example P1 andP2 musthavethe samefunctionalityin thefollowing cases:
P1[] P2
P1[> P2
P1,P2
P1,P2

P1[.] P2

similarly, thefunctionalityof a processnustbethe sameasfor each:

exit (...)
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usedin its definition,or for acorresponding:

>> accept... in

- if aprocessnayterminatewith noresultsjustexit is writtenin its definitionheader
- if aprocesannotterminatenoexit is writtenin its definitionheader

- in somecircumstanceg is conveniento specifythatanyvalueof a sortmaybea result;for example:

exit (blonde,any Height_Sort,nubile)

- thiscouldbeusedto specifytheindependenproductionof partsof aresult;for example:

(...; exit (age,any Sex_Sort))
il
(...; exit (any NatO_Sort,sex))

whereageandsexaredeterminedndependentlypy somebehaviourexpressiong parallel;any is needed
becausgarallelprocessewhich terminatemustexit with the sameresult

3.6 Summary
. valuesaredefinedandusedin LoToSs asfollows:

variable Brighton: Re_Sort
expession (Tom+ Jerry)- Tweetie_Pie
local variable let Tel: No_Sort=73171in

valuedomain choiceTreaty: NatO_Sort ]
PEACE(Treaty)

guad [Sentry]->
BOX (Buck_Palace)

- thefollowing relatedconceptsareused:

local process where processTICK [tock]

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

par interfacein [V24,V35]
CONNECT]interface]

- eventsarespecifiedasaneventgatefollowed by specificvalues(‘'!’) or setsof values(*?’):

gate! 13? Open: Bool_Sort
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eventoffers may synchronisef theyareidentical;*?’ is equivalentto a choicebetween! with specific
values

- processemayhaveparameterandresults:

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

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

endproc

processesultsaremadeavailablewith:

COMPMARE [data_in] (-40)
>>
acceptNot_Less,Not_More: Bool_Sortin
BRANCH [data_out] (Not_Less,Not_More)

- the functionality of a processis determinedby the sortsof its results; the functionality of terminating
behaviourexpressionsustmatchin thefollowing cases:

I

[>

Il
)i
exit (...)

>> accept... in

3.7 Exercises

- give asimplerbehaviourexpressiorequivalento:

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

)
(

choicemediumin [ether averagespiritualist][]
choiceNum: NatO_Sort[]
medium! Num[Num > 1]; stop
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- whatis the permissiblebehaviourof:

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

andalsoof:

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

wherelnt is somevariabledefinedto be of typeInt_ Sort, andprocessONFUSINGis definedby:

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

let Var: Int_Sort=Var- 2in
[Var> 0] ->
gate? Var: Int_Sort;
exit (Var+ 2)

I
[Var< 0] ->

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

endproc

- in the following example,Next and Break are constantdn somesort representingsignal values; after
consideringa specificexamplesuchas:

FIB It r] (1, 1)
Il

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

)

explainin generawhatthefollowing processnaydo:

process-IB [trigger, result](Seed1Seed2 Nat_Sort): noexit:=

(

(
trigger! Next;

result! Seed1,;
exit (Seed2Seedl+ Seed?)

I

trigger? SeedlSeed2 Nat_Sort;
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result! Break;

exit (Seed1Seed?)
)
)

>>

acceptSeedlSeed2 Nat_Sortin
FIB [trigger, result](Seed1Seed?)

endproc

3.8 PossibleSolutions

- thepermittedoehaviouiis equivalento:

averagd 2; stop

- for thefirst casethe permissiblebehaviouiis:
gait! 3; exit (-1)
providedint is -1; otherwisdt is:

gait! 3; stop

for thesecondtase the permissiblebehaviouris only:

stop

processiB mayaccepta Next requestt gatetrigger, andoutputthe nextnumberin a Fibonacciseriesat
thegateresult

FIB is initialisedwith two seedvalues but mayinput newvaluesat the gatetrigger; in this caseit outputs
Breakto divide thesequences

FIB maythusoutputpartial Fibonacciseriesat theresult gatesuchas:

1,1,2,3,5,Break

and:

3,7, Break,
Break,

217894 ,65932,283826,349758 Break

39
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Chapter 4

Data Typing

4.1 Abstract Data Types

- aconcetedatatypeis arepresentatioof structureddatawithin a computere.g. alinkedlist or thelayout
of afile controlblock

- anADT (AbstractData Typé is animplementation-independergpresentationf structureddata;only the
essentiatharacteristicef the datatypearespecified

- for exampletheconcretenotionof abookmaybedescribedn termsof thequalityandcolourof its binding
andpapeythetypeof printingink, thefont andsizeof lettering,etc.

- in abstracterms,abookmaybethoughtof in termsof its componentshowthesearerelated andwhatmay
bedoneto it; its componentsnaybe:

Cover Title_Page,Text, Index
andthesecomponentsnay befurtherdecomposedpr example:
Title, Author, Date,Publisher
- for Title_ Page therelationshipbetweerthe componentsnayinclude:

aTitle_PagehasoneTitle andonePublisher

aTitle_PagemaybearseveralAuthorsandDates
abookis alsocharacterisetdy whatis doneto it; for example:
Print, Read PlagiariseBurn

41
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4.2 Type Definitions

- asexplainedearlier a sortis a setof datavalues;atypedefinitionpackagesip a setof sorts,andspecifies
theoperation®©nthem

for example:

type Writer is ... endtype

- donotconfusethe nameof thetypewith the namef the sort(s)it defines

- typically, simplertypesarebuilt into morecomplexonesusingis to import the definitionsin anothettype;
thisis calledenrichment

for example:

type Natural_ Numberis

endtype

type Booleanis

endtype

type Arithmeticis Natural_Number Boolean

endtype

type Fractionis Arithmetic

endtype

- atypedefinitioncontainsa numberof sectiondn the following order eachsectionbeingoptional:

sorts which givesthenamef the sortsdefinedin thetype
opns which givesthenamesandfunctionalityof the operation®n thesorts

egns whichgivestheequationghatthe operationsatisfy

4.3 Operations

- theoperationson a sortarefunctions,definedby their signatue; for example:
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increment : Nat_Sort-> Nat_Sort

member : Element Sort,Set_Sort-> Bool_Sort

anoperationmayhaveseverakortsasits domain,but hasexactlyonesortasits codomain
- anoperatioormustbe definedastotal,i.e mustbe definedfor all valuesin its domain

- severabperationsnay havethe samesignature for example:

tomorrow yesterday Day_Sort-> Day_Sort

- operationsvhich havea null domainareconstantsfor example:

0: -> NatO_Sort

scarletyermilion, crimson: -> Red_Sort

- operationsnaybe definedasprefixor binary infix; for example:

is_instructive : Lecture_Sort-> Bool_Sort

* . Int_Sort,Int_Sort-> Int_Sort

wherethe’ ' standdor a positionalparameterfor example:

pred(0) * succ(0)

- oneoperatiormaybe choserasthe basicconstructorfor a sort; thereis oftena ‘null’ constaniwhichis the
simplestvalue

for example:
add_to_dir : Entry_Sort,Dir_ Sort-> Dir_ Sort
empty_dir : -> Dir_Sort

- operationsvhich extractcomponent®f a sortarecalledselectorsfor 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 alist of the equationsvhich give the constraintgoverningit; equations
areseparatear terminatedoy ‘;’

- equationsnayusefreevariablesfor example:
forall e: Entry_Sort,d: Dir_Sort
- for thepreviousexampleof atelephonalirectory the operation:
length_of dir : Dir_Sort-> Nat0_Sort
might haveequations:

length_of _dir (empty_dir) =0;

length_of dir (add_to_dir (e,d)) =length_of dir (d)+1

- equationsnay if theyhavetheright propertiesberegardedasleft-to-rightrewriterules if anexpression
matcheghe patternon theleft sideof anequationt maybereplacedy theright side,preservinghesame
patternmatches

- for exampleconsidetthefollowing operations:

nil_ac : -> Account_Sort

credit : Nat_Sort,Account_Sort-> Account_Sort

debit : Nat_Sort,Account_Sort-> Account_Sort

balance : Account_Sort-> Int_Sort

o+, - . Int_Sort,Nat_Sort-> Int_Sort
andequations:

balancgnil_ac) =0;

balancgcredit(n, a)) = (balancga)) + n;

balancgdebit(n, a)) = (balancqa))- n

whichwould requirethe usualdefinitionof numbers

- for thisexampleanexpressiorsuchas:
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balancgdebit(10, credit(5, nil_ac)))

would bere-writtenby the third equationaboveas:

(balancgcredit(5, nil_ac)))- 10

thenby theseconcequationas:

((balancgnil_ac))+5) - 10

andfinally by thefirst equatiornas:

((0)+5)- 10

- with definitionsfor thedecimalrepresentationof numbersandarithmetic thiswould befurtherrewrittento
theequivalenof -5

4.4.2 Conditional Equations

- anequationrmaybe madeconditionalby prefixingit with a booleancondition,like a guardfor abehaviour
expressionfor example:

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

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

- anequationmayalsobeusedinsteadof a boolearcondition;for example:

el=e2=> sub _from_dir (el,add_to_dir (e2,d))=d

- aswith guardsconditionalequationcanbe usedike if...then...elseor casestatements

- thereis a subtleandimportantdistinctionbetweenbooleanconditionsand equationakquality; a boolean
conditionasa guardis equivalento writing anequatiorasa guard

for example:

condition=> LHS = RHS

is equivalento:
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condition=true=> LHS = RHS

theequationakqualityfor suchaguardholdsif the equationcanbe derivedfrom the equationgyivenin the
type definition

- only equalitymaybederivedfrom the original equationsnotinequality, thus,althougha boolearcondition
suchas:

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

may be negatedan equationakqualitysuchas:

(b1=b2)=> blexorb2=true

maynotbe

- it is thereforeusuallynecessaryo definea booleanequalityrelation(say ‘==") betweenvaluesof a sort;
for examplefor thenaturalnumbers:

opns
0 . -> NatO_Sort
succ : NatO_Sort-> Nat0_Sort

== : NatO_Sort,NatO_Sort-> Bool_Sort

with thefollowing equations:

forall n,n1,n2: NatO_Sort

0== =true;
succ(n) == = false;

0 ==succ(n) = false;
succ(nl)==succ(n2) =nl==n2

4.5 Overloading

- it is permissibldfor anoperatiorto beoverloadedi.e. givenmorethanonedefinition;this is generallyused
whentheoperationareessentiallthe samebut operateon differentsorts

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

__+ _: Matrix_Sort,Matrix_ Sort-> Matrix_ Sort

- sometimesan overloadedperationmay havedifferentdomainsortsin morethanone definition but the
samecodomainsort; for example:

size: List_Sort-> NatO_Sort

size: Dir_Sort-> Nat0_Sort

- similarly, thedomaingmaybethesamebutthecodomainsnaydiffer; in suchcasestheconteximayindicate
whichversionof theoperationis intended

for example:

forall e: Entry_Sort,d: Dir_Sort

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

- however the contextmay not alwaysbe sufiicient to distinguishwhich versionis meant;in this case the
sortof avalueor theresultof anoperationrmustbe explicitly statedusing’ of’

for example:

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

- similarly, for equationst may be logically necessaryo use‘ofsort’ to indicatethe sort of the outermost
operationin anequationfor example:

ofsort Bit_ Sort
forall bl,b2: Bit_Sort

blimpliesb2=not(b1)or b2

howeveyLOTOS requireghatthe sortof anequatiorbe givenexplicitly
- ofsort governghe equationavhich follow up to the nextofsort

- forall likewise governsthe equationsvhich follow; exceptfor theinitial, global definitionsit mustfollow
ofsort if it is needed
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4.6 Making New Types
4.6.1 Renaming

- anewtype may be createdsimply by renamingan existing one; this may give new namesto sortsand
operationsising‘sorthames. for...” and‘opnnames.for...’

for example:

type Flagis Bool renamedby
sortnames
Flag_Sortfor Bool_Sort
opnnames
setfor true
clearfor false
togglefor not

equivfor ==

endtype

- notethespellingof opnnames

4.6.2 Parameterisation

- it is frequentlynecessaryo definedatatypeswhich havethe samebasicstructureand operationsbut a
variety of dataelementsLOTOS permitsparameterisatiorof datatypesto caterfor this

- aparameterisedatatype hasformal parametersfor example:

type Double_blankis
formalsorts Thing_Sort
formalopns
Z :-> Thing_Sort
next: Thing_Sort-> Thing_Sort
_ p_ : Thing_Sort,Thing_Sort-> Thing_Sort
formalegns
forall T, T1,T2: Thing_Sort

ofsort Thing_Sort

TpZ=T,
T1p(next(T2))=next(T1lpT2)

opns
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double: Thing_Sort-> Thing_Sort
eqns
forall T: Thing_Sort
ofsort Thing_Sort
double(T)=TpT

endtype

4.6.3 Actualisation
- aparameterisetypeis actualisedby a specifictypeto yield anewtype
- theformal sortsandoperationgnustbereplacedvy actualsortsandoperationsvhich arecompatiblewith
thesignaturesindequation®f theformalones;for theexamplegivenabove asuitabletypefor actualisation
would be:

type Addition is NatO

opns
_+_: NatO_Sort,NatO_Sort-> NatO_Sort

egns
forall N, N1,N2: NatO_Sort
ofsort NatO_Sort

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

endtype

- for thisexampletheactualisatiormaybe carriedout by:

type Duplicationis Double_blankactualizedbyAddition using
sortnames

NatO_Sortfor Thing_Sort

opnnames
0 for Z
succ for next
+ for p

endtype
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- notethespellingof actualizedby

4.7 Summary

. abstractatatypesareimplementation-independergpresentationsf structureddata:
type Fontis Letters... endtype

- anabstractatatypeis characterisetly:

sorts sortslt_takes all_Sorts
operations opns
Fork : -> Cutlery_Sort
shiny : Cutlery_Sort-> Bool_Sort
_ picks_up_: Philosopher Sort,Cutlery_Sort-> Bool_Sort

equations eqgns
forall N, N1,N2: NatO_Sort
ofsort NatO_Sort
N*0 =0;
N1* succ(N2)=(N1* N2)+ N1

- equationgnaybe madeconditionalby prefixingthemwith a booleanconditionor anequation:

in_Estelle(spec)=> conciseneséspec) low

lang (spec)= LOTOS=> writer (spec)= Professor
- operationsnaybe overloadedyhich maymeanthatthe sortof aresulthasto 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



4.8. EXERCISES 51

- parameterisedatatypesaredefinedusingformal parameters:

formalsorts
formalopns

formalegns

- parameterisedatatypesmaybeinstantiated:

GlueactualizedbyPasteusing
sortnames
Flour_Sort for Binder_Sort
opnnames

smell for sniff

4.8 Exercises

4.8.1 Impr oper Fractions

- assumehetype Arithmetic defines:

— sortNat_ Sort

— operationst’ (additionof naturalnumbers);*" (multiplicationof naturalnumbers)and'=="(boolean
equalityof naturalnumbers)

- definethetypeFractionsto have:

— constructopair (makeafractionfrom its numeratoanddenominator)
— selectorsiumer anddenom(selectthe numeratomnddenominatoof afractionrespectively)
— operations+’ (additionof fractions)and'==" (boolearequalityof fractions)

4.8.2 WashingMachine

- amanually-operatethachinehasoperations:
— load (loadtheclothes)
— wash(makethe clothesclean)

— spin (getrid of mostof thewaterfrom theclothes)
— tumble (getrid of all thewaterfrom the clothes)

- specifythis machine andalsothepredicates:

— clean(clotheswashecht leastonce)
— soaking(clotheswashedut not spunor tumble-driedsincethen)
— dry (clothestumble-driedbut notwashedsincethen)

- it is presumedhatonly dirty anddry clothesareinitially loadedinto themachine
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4.8.3 Setof IncrementableBits
- specifythedatatypeBit:

— sortBit_ Sort with valuesO and1
— operationdlip (binarycomplementand‘==" (booleanequality)

- specifythedatatype Set_with_ Incr, aparameterisedetwith a specialincrement’operation:

— formal sortObj_ Sort (for the elementdo beinstantiated)
— formal operationsncr (incrementandsame(booleanequalityof objects)

— sortSet_Sort
— operationempty_set(thenull set),add_to_set(addanelemento a set),andin_ set(checkfor set

membership)

- usingthesedefinitions,specifythe datatype Bit_ Set_with_ Incr by actualisingthe type Set_with_ Incr
with Bit

4.9 PossibleSolutions

4.9.1 Impr oper Fractions

type Fractionds Arithmetic

sorts Frac_Sort

opns
pair : Nat_Sort,Nat_Sort-> Frac_Sort
numerdenom : Frac_Sort-> Nat_Sort
o+ : Frac_Sort,Frac_Sort-> Frac_Sort
= : Frac_Sort,Frac_Sort-> Bool_Sort
egns

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

ofsort Bool_Sort

fl==f2=
(numer(fl) * 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,soakingdry : 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
egns

ofsort Bit_ Sort

53
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flip (0) =1;
fip(1) =0

ofsort Bool_Sort

0== =true;

0== = false;

1== = false;

1== =true
endtype

type Set_with_Incris Bool
formalsorts Obj_Sort

formalopns
incr: Obj_Sort-> Obj_Sort
__same_: Obj_Sort,Obj_Sort-> Bool_Sort

formalegns
forall 0,01,02,03: Obj_Sort

ofsort Bool_Sort
0 sameo = true;
o0lsameo2=02sameol;
0lsameo2,02sameo3 =>
olsameo3=true

sorts Set_Sort

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

egns
forall 0,01,02: Obj_Sort,s: Set_Sort

ofsort Bool_Sort
in_set(o, empty_set)=false;
olsameo2=>
in_set(ol,add_to_set(02,s)) = true;
not (ol sameon2)=>
in_set(ol,add_to_set(02,s))=in_set(01,s)

ofsort Set_Sort
in_set(o,s)=>
add_to_set(o,s)=s

(* otheraxiomsareneededo ensurghatthe orderof
additionof elementgo thesetis irrelevant*)

endtype
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type Bit_ Set_with_Incris Set_with_Incr actualizedbyBit using
sortnames
Bit_Sort for Obj_Sort
opnnames
flip for incr

== for same
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Chapter 5

Putting It Together

5.1 Complete Specifications

- acomplete.oTos specificatiorhasa form suchas:

specificationIN_ SPEC[data](Limit : Time_Sort): exit
behaviour CONTROL [data](Limit) where
type Characters
en.(.j.type(* Character)
type Word is Character
en.(.j.type(* Word*)

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

where

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

where
procesPLATFORM [P1,P2,P3]: exit:=
en.(.j.proc (* PLATFORM*)
endproc (* STATION *)

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

endproc (* CONTROLLER*)

57
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endproc (* CONTROLY)
endsped* IN_SPEC*)

- a specificationhasformal gatesparametersnd resultsjust like a processithe keyword behaviour (also
spelledbehavior) givesthe behaviourexpressiomwhich characterisethewhole specification

- globaltypedefinitionsareintroducedbeforebehaviourdefinitions;othertypeandprocesslefinitionscome
in anyorder

- typedefinitionsmayalsobeintroducedaslocal, following where

- typedefinitionsin the standard oTos library maybeincludedimplicitly; for example:

library
Set,HexDigit

endlib

- informal commentsnaybeintroducedfor example:

(* This pieceof text maybe safelyignored*)

- thespecificatiormust,of course be meaningfulwith all commentsleletedjt is a goodideato separatéhe
commentglearlyfrom the formal text

5.2 SemanticBasis

5.2.1 ProcessSemantics

- thesemantic®f behaviourexpressionss givenby actionpredicatesfor example:
B-gviivp->B*”

which postulateshatbehaviourexpressioB mayparticipaten eventg!v;::: v, andthenbehavdike B”

- for successfulerminatiorthereis a similar predicate:
B-ijviivp->B*®
andfor internalaction:
B-->B °

- the semanticof LOTOS operatorsare given using derivationrules which havea setof premissesand a
conclusionfor example:

G:B-e>B °
([G]->B)-e>B =

thissaysthatif boolearguardG is true, andbehaviouexpressioB mayengagen evente andthenbehave
like B, thensomay ([G]- > B)
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- severalderivationrulesmayberequiredto give the semantic®f anoperatorfor example:

— if eisnotj (i.e. theexit event):

B.-e>B °
Bl[> B.-e > B: D[> B:

— if eisj (sothatB® mustbe stop):

B.-ji->B.  *°
Bi[>BQ—i—>Bl o

— in all cases:

B:-e>B °
Bi[>BQ—€—>Bz o

- giventhe definitionsof the operatorsandthe definition of equivalenceor congruenceyariousalgebraic
lawsmaybe deducedvhich governthe effect of the operatorsfor example:

B|||exit =B
B: I B. =B 1 B:
B[] stop = B

(B:[1B)[I B: =B: [] (B[] Be)

(e B)[> B =(e (B.[> B))[] B

5.2.2 Data Type Semantics

- thesortsandtheoperation®nthemgenerateanalgebraof terms;for example:

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

- thesemantic®f anACT ONE datatypeis given by theinitial algebra which makesonly thosetermsequal
which arerequiredby the equationgo beequal

- for examplea datatype mayrequirethat:
(clisinp)=>
mix (c1, mix (c2,p)) = mix (c2,p);

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

thefollowing termswould thereforebe madeequalin theinitial algebra:



60 CHAPTERS5. PUTTINGIT TOGETHER

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

mix (Red,mix (Yellow, Empty_Pot))

- initial algebrashavea simpleoperationainterpretatiorusingthe equationsasleft-to-right rewrite rules a
‘good’ setof equationsalwaysre-writesexpressiongo the yield a canonical(‘standard’)form in a finite
sequencef steps

- executabilityof a datatype definitionrequiresthatthe right-handsidesof equationsare‘simpler thanthe
left-handsides;for example:

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

is a suitableequationbecausehe right-handside canbe further simplified to yield an ultimateexpression
of theform:

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

wherethereareN: + N. + 1 suchsuccoperations

5.3 Summary

- processemanticaregivenby:

actionpredicates

B-gviivp->B*”
B-jviivp->B*

B-i->B °
derivationrules

B.-e>B °
Bi[]BQ—8—>Bl o

- datatypesemanticaregivenby theinitial algebrawhich makesonly thosetermsequalwhicharerequired
to beequalby theequations

- LoTosis aformalspecificatiodanguagewith featuregor describingstatic(datatype)anddynamiqprocess)
aspect®f behaviour

- LoTOSIis ageneral-purposéanguagefor specifyingconcurentsystemsbutwasdesignedo besuitablefor
specifyingOSI servicesandprotocols

- all the examplessofar havebeenof familiar, whimsicalor mathematicasystemsthe following example
illustrateshow LoTOS canbe appliedto the specificatiorof communicationsystems
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5.4 A Large Example

5.4.1 Network Service

- the following specificationcoversdatatransferin the OSI Connection-ModéNetwork Service although
large by comparisorwith otherexamplesn thesenotes,only a partof thefull specificatioris included

- thearchitectureof the OSI Network Serviceis shownin Figure5.1

Network Service Network Service
UserA

UserB
R T

s N

N v N v
Network Service Network Service
AccessPoint A AccessPoint B

Figure5.1: Network ServiceAccessPoints

- theNetworkServiceProvideroffersthe Network Serviceto a setof NetworkServiceUsersthrougha setof

NSAPs(NetworkServiceAcces$ointg which canbethoughtof asabstracinterfacesNSAPsareidentified
by aNetworkAddresswhichis uniquewithin thewhole NetworkService

in the Connection-Mod&etwork Service,eachNetwork ServiceUseris attachedo oneNSAP asshown
in Figure5.2; multiple connectionsreallowedthroughanNSAP

Network Service Network Service
UserA UserB
T T

_ _
Network Connection Network Connection
End-Point a End-Point b

Figure5.2: Network ConnectiorEnd-Points

eachconnectionterminatesn an NCEP (NetworkConnectionEnd-Poin); NCEPsare distinguishedy a
NetworkConnectiorEnd-Pointldentifierwhichis uniquewithin anNSAP

aNetworkServiceUserinteractswith a Network ServiceProviderby meanof NetworkServicePrimitives

(which canbe thoughtof asabstractinterfaceinteractions);two kinds of primitives areidentifiedin this
exampleasshownin Figure5.3

5.4.2 Data Transfer

- for this example datatransfershouldbe specifiedfor just one connectiorbetweemNSAP A/NCEPa and
NSAPB/NCEPb
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request indication

Figure5.3: Network ServicePrimitive Types

- onceaconnectiorhasbeenestablishedgatais transferredby meansof thefollowing serviceprimitives:

N-DATA request (NS_User_Data)

N-DATA indication (NS_User_Data)

NS_User_Data is transferredransparentlyrom one Userto the other;oneor moreoctets(bytes)of data
maybesent

- suchnormaldatais subjectto flow-contol, wherebythe ServiceProvidermaynot accepfurtherdataif the
connectiomipe-lineis currentlyfull (theconnectiorcapacitymayvary andcannotbe determined)

- specialserviceprimitives are usedto 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 32 octetsof datato be senttransparently

- normaldatais deliveredin the sameorderasit is transmitted,expeditecdatais similarly deliveredin the
sameorder

- howeverexpeditedlatamay overtakenormaldatawhich is in transit,butit is not guaranteedo do so;the
only guarantegivenis thatnormaldatawhichis submittedafter expeditediatawill notbedeliveredbefore
it

5.4.3 Suggestedata Type Model

- thefollowing library sortsmaybe assumed:

Boolean BooleangsortBool; constantdrue andfalse operationsand, or, andnot)

NaturalNumber naturalnumberqsortNat; operationgye (greatetthanor equalto), andle (lessthan
or equalto))

OctetString stringsof octets(sort OctetString; operationst+ (concatenatiomf an octetandan
octetstring)andLength (numberof octets))

DecNatRepr decimalrepresentatiomf naturalnumbers(sort DecimalDigit; constantd, ... 9;
operationdDec (decimaldigit to stringelement)and NatNum (decimaldigit string
to naturalnumber)

- thefollowing additionaltypesshouldbe defined:

Addr NetworkAddresseswith valuesSAP_A, andSAP_B
Ident NetworkConnectiorEnd-Pointidentifiers,with valuesCEP_a, andCEP_b
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Data basednOctetString andDecNatRepr, definingNetworkServiceDataUnitsasoctetstrings,
anddefiningl and32 asconstantwith the usualdecimalinterpretations

- NSP_Sort shouldbedefinedfor NetworkServicePrimitives,with thefollowing operationgsconstructors:

NDT_req, NDT_ind

NEX_reqg, NEX_ind

- Network ServicePrimitivescorrespondo Network ServiceObjects,which arethe piecesof information
which aretransferredy the underlyingmedium;a requestcreatesan object,which is laterturnedinto an
indicationondelivery

- NSO_Sort shouldbe definedusingNSP_Sort asa basisfor Network ServiceObjectswith operations:

reqg toturnanNSPrequestintothecorrespondingSO
ind toturnanNSO into the correspondindNSPindication

- recognisershouldalsobedefinedwhich checkthekind of a primitive or object;for example:

Is_NDT_req (foranNSP)

Is_NDT (foranNSO)

- Network Connectiordatatransfeehaviourshouldfirst be definedusinganordinaryqueue(‘'medium’); a
morecomplexqueuewhich allowsexpediteddatato overtakenormaldatashouldthenbedefinedusingthe
operations:

delete to deletethefirstinstanceof a givenobjectin aqueue
Is_First to checkif anobijectis thefirst of its typein aqueue
Is_Reordered to checkif aqueues avalid re-orderingof another

5.4.4 SuggestedProcessModel

- theLoTos specificatiorshouldmodelthe Network Connectiorusingprocesses:

NCEP which modelsthe behavioumof oneconnectiorend-point
NCH which modelsthe behaviourof onehalf-connectior{i.e. directionof transfer)

- thefirst of theseprocesseshouldbe parameterisethy the NSAP addressand the NCEP identifier; the
secondorocesshouldbe parameteriselly the NSAP addressandNCEPidentifier of bothends

- all communicatioracrosghe Network Serviceboundaryshouldbe definedto takeplaceat oneLoTOS gate
calledn; invoking a serviceprimitive shouldcorrespondo aneventof theform:

n! na! ni! nsp

wherena is an NSAP addresshi is an NCEP identifier, and nsp is a value constructedor a particular
serviceprimitive

- thenetworkconnectiorshouldbespecifiedy giving the constraint®nthebehaviouiof eachend-pointand
eachdirectionof transferasshownin Figure5.4
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Key:

CHAPTERS.

H1
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E2

H2

H1, H2 half-connectiortonstraints

E1l, E2 end-pointconstraints

5.4.

Figure5.4:

5 PossibleSolution

Network ServiceConstraints

specificationSubset Network_Service[n] : noexit

library

BooleanNaturalNumberOctetString DecNatRepr

endlib
type Addr is

sorts
Addr_Sort

opns
SAP_A, SAP B :-> Addr_Sort

endtype(* Addr*)
type ldentis

sorts
Ident_Sort

opns
CEP_a,CEP_b: -> Ident_Sort

endtype(* ldent*)
type Datais OctetString DecNatRepr

opns
1,32: -> Nat

eqns

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

endtype(* Data*)

type NSPis BooleanData

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

_eqg_: NSP_Sort,NSP_Sort-> Bool

eqns
forall dt, dt1,dt2: OctetStringnhsp: 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)orIs_NDT_ind (hsp)=>
Is_NEX_req(nsp)=false;

Is_NEX_req(NEX_req(dt)) =true;

Is_ NEX_req(NEX_ind (dt)) = false;

Is_NDT_req(nsp)orls_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(dtl) egNDT_req(dt2) = dtl eqdt2;

not(ls_NDT_ind (nsp))=>
NDT_ind (dt) eqnsp= false;
NDT_ind (dt1) egNDT_ind (dt2) = dt1 eqdt2;
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not(Is_NEX_req(nsp))=>
NEX_req(dt) eqnsp=false;
NEX_req(dtl) egNEX_req(dt2) = dtl eqdt2;

not(ls_NEX_ind (nsp))=>
NEX_ind (dt) eqnsp=false;
NEX_ind (dt1) egNEX_ind (dt2) = dt1 eqdt2

endtype(* NSP*)

type NSOis NSP

sorts
NSO_Sort

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

Is_NDT, Is_NEX : NSO_Sort-> Bool
_eg_: NSO_Sort,NSO_Sort-> Bool

eqns
forall dt: OctetStringnsp: NSP_Sort,nsol,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)orls_NDT_ind (nsp);
Is_NEX (req(nsp))=
Is_NEX_req(nsp)orls_NEX_ind (nsp);

nsoleqnso2=ind (nsol)eqind (nso2)

endtype(* NSO¥*)

type Basic_Mediumis NSO

sorts
Medium_Sort

opns
empty: -> Medium_Sort
_app_ : NSO_Sort,Medium_Sort-> Medium_Sort
_ pre_ : Medium_Sort,NSO_Sort-> Medium_Sort

. PUTTINGIT TOGETHER
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_eq_ : Medium_Sort,Medium_Sort-> Bool

egns
forall nso,nsol,ns02: NSO_Sort,ncm,ncml,ncm2: Medium_Sort

ofsort Medium_Sort
nsoappempty= emptyprenso;
(nsolapp(hcmprenso?2))=
((nsolappncm)prenso?)

ofsort Bool
emptyeqempty= true;
(ncmprenso)eqempty= false;
emptyeq(ncmprenso)= false;
(ncmlprensol)eq(ncm2prenso2)=
(ncmlegncm?2)and(nsoleqnso?)

endtype(* Basic_Medium*)

type Reordering Mediumis Basic_Medium

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

egns
forall
nso,nsol,nso2,; NSO_Sort,ncm,ncml,ncm2: Medium_Sort

ofsort Medium_Sort
delete(hso,empty)= empty;
nsoleqnso2=>
delete(nsol,ncm2prenso2)= ncmz2;
not(nsoleqnso2)=>
delete(nsol,ncm2prenso2)=
delete(hsol,ncm2)prenso?

ofsort Bool
Is_First(nso,empty)=false;
Is_First(nsol,ncm2prenso2)=
(nsoleqnso2)

(

(
(Is_NEX (nsol)andls_NDT (nso2))

or
(Is_NDT (nsol)andls_NEX (nso2))

)

and
Is_First(nsol,ncm2)

);

or
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Is_Reorderedempty empty)=true;
Is_Reorderedempty ncmpre nso)= false;
Is_Reorderedncmprenso,empty)= false;
Is_Reorderedncmlprensol,ncm2prenso2)=
(
(nsoleqnso2)
and
Is_Reorderedncml,ncm?2)

)

(
(
Is_NEX (nsol)andls_NDT (nso2)

)

and
(
Is_First(nsol,ncm?2)
and
Is_Reorderedncml,delete(nsol,ncm2)prenso2)

)
)

endtype (* Reordering Medium¥*)

or

behaviour

NCEP|n] (SAP_A, CEP_a)

" NCEP[N] (SAP_B, CEP b)
)
]

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

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) gel];
exit

I
n! na! ni! NDT_ind (dt);
exit

)

I



5.4. A LARGE EXAMPLE

(

n! na! ni! NEX_req(dt)
[(Length(dt) ge1) and(Length(dt) le 32)];

exit

I
n! na! ni! NEX_ind (dt);
exit

)

)

>>
NCEP[n] (na,ni)

endproc (* NCEP¥)

processNCH
[n] (naX,naY: Addr_Sort,niX, niY : ldent_Sort,ncml1: Medium_Sort):
noexit :=
(
(
choicedt: OctetStringncm2: Medium_Sort(]
(

n! naX! niX ! NDT_req(dt);
exit (req(NDT_req(dt)) appncm1)
I
[ncmleq(ncm2prereq(NDT_req(dt)))] ->
n! naY!niY ! NDT_ind (dt);
exit (hcmz2)

)
I
i;
(
choicedt: OctetStringncm2: Medium_Sort(]
(
n! naX! niX ! NEX_req(dt);
exit (req(NEX_req(dt)) appncm1)
I
[ncmleq(ncm2prereq(NEX_req(dt)))] ->
n! naY!niyY ! NEX_ind (dt);
exit (hcm2)
I
exit (hcm1)

)

>>

acceptncm2: Medium_Sortin

(

choicencm3: Medium_Sort[]
[Is_Reorderedncm3,ncm?2)]->
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i
NCH [n] (naX, naY, niX, niY, ncm3)
)
endproc (* NCH *)

endspeq* Subset Network_Service*)

CHAPTERS5. PUTTINGIT TOGETHER
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Compounchounsin theindexaregenerallyenteredunderthe mainnoun. Entriesfor acronymsareindexedunder
theacronym putarecross-referenceiom theexpansiorof theacronym.Non-alphabetientriesin theindexare
sortedaccordingto their ASCII code. The pagenumberof a mainentry or definitionis givenin bold, while the
pagenumberof anexamples givenin italics. Mostmainentriesalsogive anexample.
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matchingwith !, 33
matchingwith ?,33

(*...*) (comment)58

, (list separator)13, 20, 29, 42, 57

-> (function),42

-> (guard),31

. (type),20, 42,57
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= (equation)44
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AbstractDataType,seeADT
accept 35
ACT ONE, 2,27,59
action
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prefix, 11
actualisationpf type,49
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