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Abstract

The conceptof a constraint-orientedpecificationstyle is presentedn generaltermsand with respect
to the ISO Formal Description TechniqueLOTOS (LanguageOf Tempoal Ordering Specificatiof. The
constraint-orientedtyle has proven very suitablefor specifyingthe abstract,implementation-independent
behaviour of systemsin a modularfashion. The essentiaidea behind constraint-orientedpecificationis
separatiorof concernswhich is facilitatedby the behasiour combinatorsof LOTOS. The constraint-oriented
styleis illustratedby giving a highly-structuredspecificationin LOTOS of the well-knowvn AB (Alternating
Bit) Protocol.

1 Intr oduction

ISO andCCITT have beenworking for about8 yearson standardgor FDTs (Formal DescriptionTech-
niguey. Theobjectivesof theseFDTsare:

= unambiguousclear andconcisespecifications

« abasisfor determiningcompletenessf specifications

« afoundationfor analysingspecificationgor correctnesseffectivenessetc.

» abasisfor determiningconformancef implementationso specifications

« abasisfor determiningconsistencyf specificationsgelative to eachother

« abasisfor implementatiorsupport.

Work is how reachingcompletionon standarddor the FDTs Estelle (ExtendedFinite State Machine
Language[3]), LOTOS (LanguageOf Tempoal Ordering Specification[4]), andSDL (Specificatiorand
DescriptionLanguage([1]).

The threeFDTs sharea commonunderlyingbehaioural model (labelled transition systemgs To some
extent they also sharea commonADT (Abstiact Data Type datamodel, basedon equationalaxioms
andinitial algebras However, they differ in their emphasison matterssuchas degree of abstractness,
completenessf underlyingformal semanticseaseof analysiscorveniencefor implementationetc.
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Most formal specificationlanguagegincluding the FDTs) have beenappliedto the well-worn example
of the AB (Alternating Bit) Protocol. A numberof examplesare collectedin [12]. Curiously enough,
no definitive referencefor the AB Protocolseemso exist!. Indeed,possiblesourcessuchas[12, 13]
arecontradictoryandin somecasesself-contradictory!For the purpose®f this paper the (semi)-formal

descriptiongivenin [12, Figure3.3] hasbeentakenandformalisedin LOTOS. Theinformal equivalentof
thisis asfollows:

The AB Protocol supportsa reliable, uni-directional, connection-lessgatatransfer Service
betweera pair of Users.AB ServiceDataUnits maycontainoneor moreoctets.

The AB Protocolis supportedoy a UM (Unreliable Mediun) Service. Both the AB Service
andtheUM Servicesupporttwo ServiceAccessPoints,correspondingo the sourceandthesink of
AB data. To preventlossor duplicationof AB ServiceDataUnits, AB ProtocolDataUnits carrya
sequencaumber Thesesequenc@umbersarecalculatednodulo?, i.e. they alternatebetweerD
andl.

The UM Servicemay lose ServiceData Units, but may not corruptor duplicatethem. It is
assumedhatmessageorruptionwill leadto amessagéeingdiscardedvithin themedium sothat
messageorruptionappearasmessagéoss. Sincethe AB Protocolhasasliding window of sizel,
thereis no pointin requiringthatthe UM buffer morethanonemessageTheissueof misordering
in the mediumdoesnot, therefore arise. Sincethe UM Servicesupportsonly two ServiceAccess
Points,theissueof misdelvery doesnot ariseeither

The AB Protocoldoesnot supportblocking, sgmentationor concatenationOneAB Service
DataUnit thereforecorrespond$o oneAB ProtocolDataUnit andto oneUM ServiceDataUnit.

An AB sourceaccepts ServiceDataUnit via anAB ServiceRequest.The AB sourcesends
the datamessagevith the currentsequence@umbervia a UM ServiceRequest.Thefirst sequence
numbeito besentis 0. If anacknavledgemenwhich hasthenext sequencaumbeiis receivedfrom
theUM ServicetheAB sourcéds freeto accepinotheAB ServiceRequestlf anacknavledgement
which doesnot have the next sequencewumberis receved, the datamessagés sentagain. If no
acknavledgementis receved within someunspecifiedtime-limit, the datamessagés also sent
again.

An AB sink acceptsa ProtocolDataUnit via a UM Servicelndication. The sequenc&umber
of this datamessagés checked,the first expectedbeing 0. If a datamessagevhich hasthe
expectedsequenceumberis receved, the messagés deliveredvia an AB Servicelndication. An
acknavledgementvith thenext sequencaumberis sent.If adatamessagevhichdoesnothave the
expectedsequenc&umberis receved, it is discardedut an acknavledgementvith the expected
sequenc@umberis still sent.

Although the AB Protocolis rathersimple, it forms the basisof the sliding window mechanismwhich
appearsn mary standardsincluding thosefor OSI (OpenSystemdnterconnectio). The AB Serviceis
alsoprototypicalof mary OSI Services.

2 LOTOSfor the Specificationof Standards

Comparatie studiesof the FDTs suchas[10, 16] arenow beginning to emege. Large-scaleapplication
of theFDTsto OSl standard$ave alsobeenundertaker{e.g. seethereferenceén [9, 14]). Theresultsof
thesestudiesshawv that LOTOS is very suitablefor producingimplementation-independespecifications
of OSlstandardsThereasongor this succesénclude:

« LOTOS allows formal analysisof the syntacticandsemantiacorrectnessf specifications

« LOTOSallowsabstract specificationgo bewritten, focussingon the externally-obserableorderingof
events

1Therewould be somejustificationin proposingan SO standardor it! To confusetheissue,the Alternating Bit Protocolor a
variantof it is oftengivenanothemame(e.g. Idle RQ[6], or Stop-and-V&it ARQ[11]).



« LOTOSallows specificationgo bewrittenin a modularfashion

« LOTOSallows sepaation of concerngn writing specifications.

Theseareall importantissuesin producingspecificationof internationalstandards.For otherpurposes,
suchasgiving areferencémplementationEstelleor SDL could be moreappropriatehanLOTOS.

Theability of LOTOSto allow separatiornf concernstemdargely from thenatureof parallelandalternate
compositionin LOTOS (the]], I[1], |||, and[] operators).Thesebehae muchlike thelogical connectves
[Cahd Craspectiely’. Thesepropertieshave led to the widespreadiseof a constaint-orientedstyle in
LOTOS.However, becausef its abstractnesandunfamiliarity to nevcomersthe constraint-orientedtyle
deseressomeexplanation.

3 Constraint-Oriented Stylein LOTOS

The constraint-orientedtyle is similar to specifyinga systemby giving logical assertionsconstraints,
invariants,or propertieswhich the behaiour of the systemsatisfies. As an example,considera normal
persons dayasfar aseatingandbeingawvakeareconcerned:

« theconstrainton eatingare:

> breakfasts followedby lunch
o lunchis followedby dinneror tea

« theconstrainton eatingin relationto beingawakeare:

> wakingis followedby breakfast
> dinneror teais followedby sleeping

A lessolviousaspectjmplicit in theabove naturallanguagedescriptionjs thatthetermsbreakfast lunch,
dinner, andteareferto thesameaventin all casesThiswouldnotnecessarilypesoin aLOTOSdescription,
whereit may be usefulnot to synchroniseon eventswith the samename. The above constraintdranslate
directlyinto LOTOS:

(
(breakfast; lunch;  exit)
[lunch]|
(lunch; (dinner; exit 0 tea; exit))
[[breakfast, dinner, tea]|
(
(waking;  breakfast; exit)
If
(dinner; sleeping; exit 1 tea; sleeping; exit)
)

Solvingacross-wordpuzzleor doinglinearprogrammingareusefulanalogiesn helpingto understandhe
constraint-orientedtyle. In a cross-wordpuzzle,the constraintsarethatthe solutionsmustfit the clues,
andwherethe solutionsintersectin the grid they mustdefinethe sameletters. In linear programming,
the constraintdefinea permissiblesetof values(a volumein the solutionspace).In both analogiesthe
constraintsnayleadto:

2NotethatLOTOS dealsonly with potentialbehaiiour anddoesnot have the equivalentof logical negation .



« asetof solutions correspondindo alternatie eventoffersin LOTOS
= auniguesolution,correspondingo theeventwhichis offeredin LOTOS

« nosolution,correspondindgo deadlo& in LOTOS.

The desered popularityof the constraint-orientedtyle stemsfrom its ability to expressdifferentaspects
(or projectiong of a complex systemin separateand manageablepecificationmodules. The aguments
againstthe constraint-orientedtyle arethat:

« it diffusessystembehaiour throughouthe specification

« it is hardto implement.

Theseobjectionsarediscussedh thefollowing sections.

4 Constraint-Oriented Style and ComponentEngineering

Theamgumentthatthe constraint-orientedtyle diffusesinformationaboutglobal systembehaiour is fair.
It canbe hardto graspthe overall behaiour of a LOTOS specificatiorfrom a knowledgeof its partsand
their relationships.However, this is the priceto be paid for having comple systems.Although LOTOS
specificationsregenerallywrittentop-down, it maybe easietto analysea constraint-orientedpecification
fromthebottomup. Inthisrespecttheconstraint-orientedtylereflectsacomponent-engineerirapproach.

An electronicengineermay decompose comple function into its componentparts: multi-vibrators,
Schmidt triggers, operationalamplifiers, etc. Each of thesemay then be decomposednto its basic
componentsresistorscapacitorstransistorsetc. (Thecomponenfabricatorwill carrythisdecomposition
further: thin films, dielectrics,dopedsilicon, etc.) To understandhe workings of the completecircuit

decompositionwould be very difficult, and probablyimpracticable. Instead,it is betterto analysethe

propertiesof eachpart in terms of the propertiesand relationshipsof its components. In this way,

confidencen the circuit designcanbe obtainedin a bottom-upfashion. At eachlevel of the design,the

propertiesof the componentganbe assumedndusedto derive propertiesof the part.

Communicationgngineersireunfortunatelynotaswell off aselectronigor indeedmnost)engineersvhenit
comegto acomponent-engineerirgpproach Whatare the basiccomponent®f communicationservices
andprotocols?The OSI BasicReferenceModel ([2]) definessomestaticcomponentge.g. serviceaccess
point, layer, andtitle) andsomedynamiccomponentge.g. multiplexing, sgmentationandflow control).
However, theseconceptareinformally (andsometimes$uzzily) defined andarestill quitehigh-level. Some
recentwork [15] hasfocussedntheformalisationin LOTOS of someof thesebasicarchitecturatoncepts.
Comparabldormalisationsin EstelleandSDL [5, Chapter7] have alsobeenproduced.The work of the
Alvey projectFORMAP (Formal MethodsAppliedto Protocolg is alsorelevantto component-engineering
of communicationsystems.

5 Constraint-Oriented Style and Implementation

Theargumentthatconstraint-orientedtyleleadsto specificationsvhich arehardto implementis alsofair.
It is easyto dismissthis objectionif the goalof usingLOTOS is specificatiorratherthanimplementation
For internationalstandardsthe main objective is to write specificationsvhich areclear precisecompact,
andimplementation-independenHowever, a usefulstandardnustleadto conformingimplementations.
Unfortunatelytheconstraint-orientedtyleis ratherabstracandnon-constructie. It reliesonthepowerful,
but hardto implement,LOTOS featurefor multi-way synchronisatioron multi-valuedevent offers.

Supposefor example,thata sortingalgorithmwerespecifiedn LOTOS as:



Permutations [output] (UnsortedList)

I
Orderings  [output]

where Permutations offeredto output all possiblepermutationsof an unsortedlist of numbers,and
Orderings offeredto outputall possibldists of orderechumbers.Theeffect of theircompositionis clearas
aspecificationtheonly event(s)offeredwill containthe sortedist. However, asaprescriptionfor adirect
implementationthe specificationabore would be useless. This constraint-orientedgpecificationwould
needto be refinedto a more constructie form beforeimplementationcould be considered. The Esprit
projectPANGLOSS(Parallel Architectute for NetworkingGatevaysLinking OSISystemss studyingsuch
correctness-preservitigansformationsspartof its work. OtherEspritwork in thisareais alsoanticipated.

6 Other SpecificationStylesin LOTOS

Unlike the behaioural partof LOTOS, thedatatyping partvirtually forcesa bottom-up,component-based
view. This is supportedby the renaming enrichment and parameterisatiorfeatureswhich are usualin
ADTs. If arything, the datatyping partof LOTOS encouragean object-orientedatherthana constraint-
orientedapproach Nonethelesshe datatyping canbe usedto supporta constraint-orientedtyledirectly.
For example,the previous specificatiorof sortingcouldberecasias:

choice  SortedList : NatList ]
[IsPermuted (SortedList, UnsortedList) and
IsOrdered  (SortedList)] ->
output ! SortedList

LOTOS specificationsanoften bewritten in a data-orientedr a behaiour-orientedstyle. Otheraspects
which maybeemphasiseth LOTOS specificationsnclude:

guidancdn implementatior(e.g. algorithms datastructuresandinter-processommunication)

managemendf resourcege.g. connectionsprotocolhandlersandgatavays)

easeof verification(e.g.[7, 8])

explicit representationf systemstateandstatevariables.

7 Application to the Alter nating Bit Protocol

(oo e

The specificatiorof the AB Protocolis parameterisedly the gateab for communicatiorwith AB Service
Users.

specification AlternatingBitProtocol [ab] : noexit

(et e

Thespecificatiorusesthe standardibrary datatypesBit andOctetString.



For simplicity, AB andUM ServiceAccessointsarespecifiedashaving addresse8 or 1, correspondingo
the AB sourceor sinkrespectiely. Thesearecorvenientlyexpressedsvaluesof sortBit. Thealternating
sequencaumbersarealsoexpressedsvaluesof sortBit. Standardperation®nbitsincludeeq (boolean
equality)andne (booleaninequality).

AB ServiceDataUnits aredirectly expressedasvaluesof sort OctetString. Standarcdperationon octet
stringsinclude<> (emptystring),eq (boolearequality),andne (booleaninequality).

library Bit,  OctetString endlib

(oo

Thestandardibrary sortBit is enrichedwith anext operation(for sequencaumbers)vhichis equivalent
to acomplemenbperation.

type RicherBitType is Bit

opns next : Bit -> Bit
eqgns
ofsort  Bit
next (0) = 1;
next (1) =0

endtype (* RicherBitType *)

(e e
AB ServicePrimitivesareof sort ABSp. They areconstructedy ABSreq (for transmitting)and ABSind

(for receving), which both takea ServiceDataUnit asa parameter BecauseéAB ServicePrimitivesare
only constructedn thespecificationno selectorsaaredefined.

type ABSpType is OctetString
sorts  ABSp
opns ABSreq, ABSind : OctetString -> ABSp

endtype (* ABSpType *)

(oo

AB ProtocolDataUnits areof sort ABPdu. They areconstructecby ABPmess(for a datamessageand
ABPack (for anacknavledgement)which bothtakea one-bitsequenc@umberasa parameterABPmess
additionallytakesa ServiceDataUnit asaparameterBecause\B ProtocolDataUnitsareonly constructed
in the specificationno selectoraredefined.



type ABPduType is Bit, OctetString
sorts  ABPdu

opns ABPmess : Bit, OctetString -> ABPdu
ABPack : Bit -> ABPdu

endtype (* ABPduType *)

(e e

UM ServicePrimitivesareof sortUMSp. They areconstructedy UMSreq (for transmittinglandUMSind
(for receving), which bothtakea ProtocolDataUnit asa parameterBecausdJM ServicePrimitivesare
only constructedn thespecificationno selectorsaredefined.

type UMSpType is ABPduType
sorts  UMSp
opns UMSreq, UMSIind : ABPdu -> UMSp

endtype (* UMSpType *)

(oo e

Communicationbetweenthe AB Protocolandthe UM Serviceis at gateum. This gateis, however,
hiddenfrom the view of AB ServiceUsers. The constraintson overall behaiour, synchronisecbn UM
communicationaretherefore:

« theconstraintonthe behaiour of the AB Protocol(ABProtocol); and

» theconstraintonthebehaiour of the UM Service(UMService).

behaviour

hide um in

ABProtocol [ab, um]
|[um]|

UMService [um]

where

(oo

Theconstraintoon AB Protocolbehaiour, synchronise@n AB communicationare:

« theconstraintoonbehaiour at AB ServiceAccessPoints(ABSapsg; and



« theconstraint®nbehaiour relatingcommunicatiorat AB ServiceAccessointsto thatatUM Service
AccessPoints(ABProtocolEntities).

process ABProtocol [ab, um] : noexit =
ABSaps [ab]

|[ab]|

ABProtocolEntities [ab, um]

where

(e e

Theconstraint®n AB ServiceAccessPointbehaiour are:

* anAB ServiceRequestvith a non-emptyServiceDataUnit mayoccurat the sourceaddressQ; and
« anAB Servicelndicationwith ary ServiceDataUnit mayoccuratthesink address].
For pedagogipurposesandasarealisticcondition,anemptyServiceDataUnit is forbiddenonaRequest.

Notethatno constraintis putonthe ServiceDataUnit of anIndication. It is apropertyof the specification
thatthiswill be non-empty(dueto processes\BSaps ABSource UMService, andABSink).

.......................... *)
process ABSaps [ab] : noexit =
choice sdu : OctetString 1
ab ! 0! ABSreq (sdu) [sdu ne <>J;
ABSaps [ab]
I
ab ! 1! ABSind (sdu);
ABSaps [ab]
endproc (* ABSaps *)
(s e
Theconstrainton AB ProtocolEntity behaiour, unsynchronisedre:
» theconstrainton behaiour of thedatasource(ABSource); and
» theconstrainton behaiour of thedatasink (ABSink).
In bothcasesthe sequenc@umberis initialisedto 0.
__________________________ *)

process ABProtocolEntities [ab, um] : noexit =

ABSource [ab, um] (0)



If
ABSink [ab, um] (0)

where

(ermremmmrerrsr s

Theconstraintn AB sourcebehaiour are:

« toacceptanAB ServiceRequestvith ary ServiceDataUnit atary AB ServiceAccessPoint, causing
a datamessagevith the currentsequencenumberandthe samedatato be sentvia the corresponding
UM ServiceAccessPointusingprocessABSend

« torepeatAB sourcebehaiour with the next sequenceaumberonceABSend hasfinished.

Note that no checkis madeon the validity of the ServiceAccessPoint addresor the ServiceData Unit
size. Theseconstraintsarecoveredin processABSaps

process ABSource [ab, um] (seq : Bit) : noexit =
choice sdu : OctetString 1
ab ? addr : Bit ! ABSreq (sdu);
ABSend [ab, um] (addr, seq, sdu)
>>

ABSource [ab, um] (next (seq))

where

(oo e

Theconstrainton AB sendingbehaiour are:

« to senda datamessagewith the specifiedsequencenumberand datavia the specifiedUM Service
AccessPointaddressandthen

« toaccepta UM Servicelndicationwith anacknavledgementt thataddresssuchthatif thesequence
numberin this acknavledgements:

> thenext one,ABSendexits; or
> is notthenext one,ABSendrepeatsts behaiour; and

« tonon-deterministicallyepeathebehaiour of ABSendfor someunspecifiednternalreasor(intended
to betime-out).

process ABSend
[ab, um] (addr, seq : Bit, sdu : OctetString) ;oexit =

um ! addr ! ABPmess (seq, sdu);



(

choice newseq : Bit ]

um ! addr ! ABPack (newseq);
(
[newseq ne seq] ->
exit
I
[newseq eq seq] ->
ABSend [ab, um] (addr, seq, sdu)
)
I
i; (* time-out *)
ABSend [ab, um] (addr, seq, sdu)
)

endproc (* ABSend *)

endproc (* ABSource *)

e

Theconstraint©n AB sink behaiour are:

« toaccepta UM Servicelndicationwith ary datamessagatarny UM ServiceAccessPoint,suchthatif
the sequenc@umberin this datamessagés:

> theexpectedone,thenin eitherorder.
[the datain the messagés deliveredto an AB ServiceUserat the correspondingAB Service
AccessPoint;and
[Canacknavledgements sentto the AB source

> nottheexpectedonethenthedatamessagés discardedbut anacknaviedgementvith the expected
sequenc@aumberis sentto the AB source

« thebehaiour of ABSink repeatswith thenext sequenc@umberif the expectedsequenc@umberwas
receved, otherwisewith the samesequenc@umber

Notethatnocheckis madeonthevalidity of theUM ServiceAccessPointaddres®sr ServiceDataUnit size.
Theirvalidity is apropertyof the specification(dueto processesBSaps ABSource andUMService).

process ABSink [ab, um] (seq : Bit) : noexit :=

choice newseq : Bit, sdu : OctetString 1

um ? addr : Bit ! ABPmess (newseq, sdu);
(
[newseq eq seq] ->
(
(

(
ab ! addr ! ABSind (sdu);
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exit

)

(
um ! addr ! ABPack (next (seq));
exit

)
)

>>

ABSink [ab, um] (next (seq))
)
I
[newseq ne seq] ->
um ! addr ! ABPack (seq);
ABSink [ab, um] (seq)
)

endproc (* ABSink *)
endproc (* ABProtocolEntities *)
endproc (* ABProtocol *)

(e

Theconstrainton UM Servicebehaiour, unsynchronisedare:

« the constraintson behaiour for uni-directionaltransferfrom the AB sourceto the sink (process
UMOneWay, from addres$ to 1); and

« the constraintson behaiour for uni-directionaltransferfrom the AB sink to the source(process
UMOneWay, from addresd to 0).

Theseareboththe samesincethe UM Serviceis symmetrical.

process UMService [um] : noexit :=
UMOneWay[um] (0, 1)

If

UMOneWay[um] (1, 0)

where

(*

Theconstrainton UM Serviceone-waybehaiour are:

« to accepta UM ServiceRequestwith any AB ProtocolDataUnit at the specifiedfrom addressand
theneither:

o todeliveraUM Servicelndicationwith the sameProtocolDataUnit atthe specifiecto addressor

11



> tolosethe UM ServiceRequestsa resultof someinternaldecision(intendedto be messagéoss
or corruption).

process UMOneWayum] (from, to : Bit) : noexit =
choice pdu : ABPdu ]

um ! from | UMSreq (pdu);

(
um! to ! UMSind (pdu);
UMOneWay[um] (from, to)

I
i; (* message loss or corruption *)
UMOneWay[um] (from, to)

)

endproc (* UMOneWay*)

endproc (* UMService *)

endspec (* AlternatingBitProtocol *)
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