Using B asa High Level Programming Languagein an Industrial
Project: RoissyVAL

ClearSyandSiemensTransportatiorBystems

Abstract. In this article we would like to go backon B usedto designsoftware,by presentinghe

industrialprocessestablishedhroughyearsby SiemenslransportatiorSystemsn arealproject:the

VAL shuttlefor RoissyCharlesde Gaulle airport. In this project,the logical core of an equipment
locatedalongthetracksanddriving the shuttlesis designedwith B.

By confrontingthis B softwaredevelopmentwith the historicalcontet, we shav thatB canbeused
asa high-level programmindanguageoffering the featureof proving propertiesWe shov how this

processs usedto build, by constructiona large sizesoftwarewith very few designerrorsever since
its rst releaseandfor aprede nedcost.

1 Intr oduction

Historically, theB Methodwasintroducedn thelate80s'to designcorrectlysafesoftware(seglBBook96]).
A wider scopeuseof B appearedn the mid 90s', calledEventB, to analyze studyandspecify not only
software,but alsowholesystemgsee[Abr96]). Thisarticle presentsheresultsof usingB in anindustrial
context, to producethe safetycritical software WCU? for the RoissyVAL ? system The whole systemis
developedby SiemenslransportatiorBystemsThe B developmentof the WCU, hasbeensubcontracted
to ClearSywho appliedSiemensB Methodto producesoftware. This methodhasbeen rst established
for the developmentof Paris undegroundmetroLine 14, called“Météor”, andhasbeenenhancedver
since(see[Behm99). It consistdn usingB asa high-level programminganguageincludingthefeature
of proving properties.

Controlling the developmentof safetycritical softwareis a main concernfor SiemensThey have to
guatante¢hatthe softwarecompliesto its requirementsandespeciallyits safetyrequirementsThey also
needto controldevelopmentostsanddelays especiallyfor thedevelopmenbf alarge project,wherethe
sizefactoris akey issue.

To achieve this goal, Siemensdesigneda processfor using B ef ciently to build a correctpiece of
softwareby constructionThatmeanghatthe rst softwarereleasenasalreadyvery few designerrors.In
this procesdJnit Testsarenot performed sincemoreeffort is directedto the early speci cationphases,
to build directly correctsoftware. The next developmentstepsremainbasicallythe same:the software
producedwith B is integratedwith the restof the softwareandgoesthroughhosttests(simulationtests
on aworkstation). Thensoftwareis integratedin the hardwareof the WCU andgoesthroughtargettests,
andsoon.

This articlefocuseson this process.

— Section2 presentshe RoissyVAL system.

— Section3 introducesthe principlesof the B Method. This methodis decomposedhto two phases:
formalizing detailedspeci cation documentsnto a B Abstiact Model andthenimplementingthis
modelinto a ConceteModel

— Section4 detailsthe Abstiact Model

— Section5 detailsthe ConcieteModel

— Section6 analyzeghe projectstatistics.

— Section7 presentshe maintenancef sucha project.

— Section8 concludes.
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2 RoissyVAL Shuttle Presentation

A new VAL shuttlesystemis beingdevelopedby Siemendransportatiorsystemdo equipRoissyCharles
de Gaulle airportfor ADP (AéroportsDe Paris). The rst line, duein June2006,will connectRoissy
terminall to Roissyterminal2, throughRoissyPoleandtwo car parks.The VAL systemis a driverless
light train. Line 1, asshavnin gure 1,is madeup of 5 sectiondrom CDG-1to CDG-2,plus2 technical
sectiongo parkandmaintaintrains. Theline hastwo tracks.VAL trainsusuallydrive on the right hand
sidetrack,howeverthey maydrive on ary directionandchangedirectionatary time.

WCU

Fig. 1. RoissyVAL - Line 1

The RoissyVAL systemis basedon the VAL systemof ChicagoO'Hare airport. This systemdiffers
fromtheotherVAL metrosJike Orly-VAL (se€gDol03]). It offershigherfunctionalitiesthanksto adigital
equipmentalledWaysideControlUnit (WCU). A WCU drivestrainsonaline section Actually, asection
hastwo redundanWCUsfor availability issue All theWCUsarelinkedby aredundanEthernenetwork,
which alsoconnectghe Control Center The Control Centermanagesraf ¢ ontheline by sendingroute
ordersto the WCUs. A WCU recevestheseordersandthen safely commandsand controlsautomatic
trainsonits section.

As shuttlesarelight trains,they arecommandedy discretespeedprogramsEvery speedprogramis
physically associatedo an electriccurrentloop locatedon the track and covering somecontinuouspart
of the tracks.Whenit is powvered,a speedprogramgivesat ary point of the loop a x ed speedordet
Severalspeedhrogramsnaycoexist ata certainpoint of thetrack. Examplesf speecrogramsarecruise
speed]ow speeddeparturespeedandarrival speed WCUs drive trains by selectingand powering the
right loops.Whenthe on-boardtrain systemdetectsa speedordet it adjuststhe train speedaccordingto
theordet



Before sendingordersto trains, WCUs shouldbe ableto localize safelytrainson theline. To do so,
every sectionis decomposethto x edblocks,which give the localizationgranularity With the help of
differentsensorsWCUsshouldsafelyestablishwhetheror not atrain occupiesa block.

Thoselogicaltreatmentareperformedoy a pieceof software.Thesoftwareis splitinto low-level mod-
ulesthattake careof input/outputtaskschedulingasdescribednto [Behm99, andinto high-level mod-
ules,which handlethelogical andfunctionaltreatmentsThe coreof high-level moduleswhich contains
SafetyCritical Software, is calledWCU-SCS. It is designedn B andthentranslatednto Digisafer -
ADA. Therestof thesoftwareis directly designedn Digisafer -ADA. TheDigisaferR techniqudntends
to insuresaferuntimewith only oneprocessoandreplacesrchitecturesvith redundanprocessordt is
complementaryvith the B Method,which avoidsdesignsoftwareerrors.

All the WCUs doesnot sharethe exact sameADA code,as con guration dataare speci ¢ to each
WCU. However, thecorepartdesignedn B is the samefor all WCUSs.

3 Principles of the B Method Used

We shall now introducethe principlesof the B Method usedin the project. This B Method s part of
Siemensoftwaredevelopmentprocesslt describestepby stephow to useB to build apieceof software.
Thewhole processs madeup of guidelinespf B genericelementgwhich shouldbeinstantiatedat each
usein theproject)andof toolsalsodevelopedby Siemens.

Thestartingpointof aprojectis low-level softwarespeci cationdocumentsyrittenin naturallanguage
andpossiblyusingany formalismto helpdescribingthe system.

Thismethodsuitssoftwaremainly basednadiscretdogic descriptionwherebasictypesareBooleans,
nite sets,ntegersor integersregardedasdecimalnumbersit doesnotsuitsoftwarebasedn continuous
calculusor basedn oating pointnumberghatcannotbe regardedasdecimalnumbers.

The developmentprocesss split into two phasescalled Abstiact Model and Concete Model These
phase@renamedafterthe partof the B modelthey produce.

During the rst phasegevery functional pieceof informationor every requiremenfrom the informal
software speci cationsshouldbe formalizedinto the AbstractModel. To male surethat the Abstract
Model indeedmatchesdts formal speci cation, we useinspectionsA key featureof this Methodis to
offer the possibility of strengtheninghe abstractmodelby proving that somepropertiesare established
onthewholemodel.

AbstractModel datahave abstractypessincethey arebasedn sets relationsandfunctionsof scalars.
Abstractdatatypesmake the AbstractModel compactandclosefrom informal speci cations.However,
thesedataandtheir treatmentgannotbedirectly implemented.

Thegoalof the secondphases to build the ConcreteModel startingfrom the notimplementablgarts
of the AbstractModel. This taskis completelysystematicand doesnot requireary knowledgeon the
informal speci cations.We have to prove that the ConcreteModel is a correctimplementationof the
abstracmodel.

Thesetwo B developmenfphasesrenow detailedin the next two sections.

4 The Abstract Model Phase

4.1 Informal Speci cations

Informalsoftwarespeci cationdocumentgomeasanoutputof thesystendevelopmenphaseperformed
by Siemenssystemanalysis.During systemanalysis,choicesare madeto designthe system sothatit
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shouldmeetits functional requirementsand more important,that it should meetthem safely System
designproducesan equipmentarchitecturebroken down into hardware andsoftwarespeci cationdocu-
ments . Softwareis alsobrokendown into a safepart, wheresafetyis concernedandapartwhereit is not.

In the caseof the WCU equipmentthe safesoftware part commandsandcontrolsdriverlesstrainson a

givenline section.

Formalization : safety properties :
Software  _ _ _ _ _ _ _ _ _ _ - ~
- : Abstract proof
Specification :
- - - - - - Model
Documents :
Inspections

well implementation
proof

Concrete
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Fig. 2. AbstractandConcreteModels

The SafetyCritical Software part (called WCU-SCS)is designedn B andwill produceasan output
Digisafer -Adacode.In orderto ensuresafetyfor thewhole systemdetailedchoiceshave to be madefor
the safesoftwareduringthis early phase Actually the safesoftwarerequirementgroducedat the end of
systemanalysisarevery detailed.They describea functionalbreakdavn of the softwareinto elementary
functionswith data o w charts Mostelementarfunctionsarepreciselyspeci edin termsof input,output
andpseudo-cod#o specifyoutputcomputationSequencin@f elementanfunctionsis alsospeci ed.

In the caseof the RoissyWCU-SCSproject,informal speci cationscomeasa collectionof various,
moreor lessold, documentsThreedocumentsverewritten morethantenyearsagofor the ChicagoVAL
systembeforeB wasusedat SiemensThey describethe speci cationof the threemain modulesof the
system(Block Logic, RouteLogic, Mode Logic). They usefunctionalbreakdevn, data o w chartsand
treatmentsarespeci ed by pseudo-codelhetop documenis morerecent.It waswritten just beforethe
baginningof the B developmentlt usesafunctionalbreakdaevn. It describeslatadirectlyin B andmakes
referencego treatmentcoveredby the threemain modulesdocumentslt alsode nes new treatments
with the samekind of pseudo-codéhanthe otherdocuments.

We canpoint here thathaving a speci cationdocumentiscloseaspossiblefrom the B modelis a key
issue.Sinceno formal proof canbe donebetweerthe informal speci cationsandthe AbstractB Model,
the closestthe two are, the lessformalizationerrorsor misunderstandingf informal speci cationsare
likely to appear

In this projectdatawere alreadydescribedn B, which minimize the risk of errorswhen specifying
datainto the AbstractModel. Siemensnadeall the abstractdatamodellingchoices.Sometimeshoices
arejust mathematicabr methodologicathoicesfor example,arelationA $ B canbe usedinsteadof
a function of setsA !7 P(B). But mostof the time choicescomefrom knowledgeof the system.For
example,to modelarelationbetweersetsA andB, shouldweuseA $ B,A!7 B orA! B?It depends
onthesystenproperties.



Initializationsandsequencingubstitutionsyhich arequite simple,werealsospeci edin B. Otherop-
erationawveredescribedy pseudo-coderin B. As they mayleadto long B operationstheirformalization
requiresto payextra attentionto avoid ary possiblepitfall.

Formalizingsoftwarespeci cationsinto anabstracimodelis error pronesincethis cannotbe covered
by a formal proof. Informal speci cationare by natureliable to be incomplete,ambiguousand opento
differentunderstandinggspeciallywhenthey arepartof a 200-pagelocumenthathasto bewrittenin a
reasonabléime. Althoughthey have aws, informal speci cationsremainthe bestway to communicate
speci cation.However, to handlethis issue a question/answettatabas®n the softwarespeci cationhas
beenusedto keepatraceof questionsasled by ClearSyandanswergrovided by SiemensThis actiity
hasbeenakey issuefor ClearSyto understanavery detail of therequirementsSometimeguestionded
to explanationsfrom Siemensand sometimeghey led to precisionsor adjustment®of the speci cation
documentsWe cannoteherethatupdatingregularly speci cationdocument$elpedbuilding a B model
consistentvith its informal speci cations.

In orderto checkB modelsagainstthe naturallanguagespeci cations,we usedinspectionsEvery B
Languageslementof the modelis readby a memberof the modellingteamwho did not write it. Inspec-
tionsshouldbeaspreciseaspossible Every B symbolof themodelshouldbe checled. Thereadethasto
be corvincedthatthe relatedinformal speci cationis correctlyandcompletelyformalized.Traceability
betweerB modelsandspeci cationsis achievedby giving explicit referencesnsidethequality-assurance
commentat the beginning of eachabstractoperation.Whena questionarisesduring inspection the B
modelmaybe changedpr the questiormight be forwardedto the projectquestion/answettatabase.

4.2 Abstract Data

Datausedto build the AbstractModel areabstractata.We arenow goingto detailthoseabstractata.

Basic Types Thebasictypesusedare:Boolean(theBOOL prede nedset),enumeratedetsor deferred
sets(declaredn the SETSclause)andimplementabléntegers(prede nedB setsINT andNAT).

The Booleansetis usedevery time a datahastwo possiblevalues.

An enumeratedetis usedwhena datahasstrictly morethantwo possiblevaluesandwhenwe needto
nameexplicitly all thevalues.For example,a sectionmanagedy awaysidecontrolunit, is dividedinto
x edblocks.A block canbeanormalblock, a switchblock or a stationblock. Sowe de ne:

SETS
t_block type= fc _normal_block; c_switch _block; c_station _blockg

A deferredsetis usedwhena variablecantake a nite numberof valuesandwe do not wantto name
explicitly the valuesin orderto be generic.Most dataof the projectare typed with deferredsets.For
example,all theblocksaccessetty aWCU aregatherednto thetypet_block. In the VAL systempeam
sensorareusedto detectthe presencef a train at a certainpoint of atrack.A train is detectedvhenit
cutsthebeam All thebeamsensoraregatherednto thetypet_beam sensor. Sowe de ne:

SETS
t_block;
t_beam sensor

The only integer variablesneededfor the abstractmodel are delays.We de ne a concreteconstant
t_time, asarenamingof NAT to declaredelaysregardedasdecimalnumbersThey expressin millisec-
ondsthetime remainingbeforethe delayexpires.We de ne:



CONCRETE_CONSTANTS

t_time
PROPERTIES
t_time = NAT

Thosetypesbring strongtyping, just like in a programminglanguagesuchas ADA. This makesan
efcient useof thetype checkingconstraintsof the B languagesince,for example,wherever a block is
expectedwe cannotusearything elseinstead)ik e abeamsensor

Thosescalardatatypesareeitherusedaloneor they arecombinedwith type constructorasshown in
thefollowing examples.

Subsetsof Scalar Types This type constructomwasthe mostcommonlyusedto type abstractdata.For
example,blocks accessedy a WCU are either occupiedby a train or free. This information should
be safely computedby the functional module“Block Logic”. It is formalizedby the abstractvariable
occupied blocks, whichis asubsebft_block.

occupied blocks  t_block

A block belongsto occupied blocks if andonly if it is consideredo be occupied We canpoint here,
thatanothemodellingchoicecouldhave beento useatotal functionfromt_block to BOOL, associating
to ablockthevalueTRUE whentheblockis occupiedandFALSE whenit is not.

occupied blocks 2 t_block! BOOL

Actually thisseconatchoicesuitslesstheproposed Method,sinceit is moreanencodingof theformer
(i.e.,theuseof asetcharacteristifunctioninsteadof the setdirectly).In this caseusinga subsebf blocks
is moreabstractExpressionspredicatesandsubstitutionsoncerninghis setarealsomoreabstracand
closestrom informal speci cations.

We alsoneedto formalizeblock sensorsywhich aresensorgletectinga train insidea block. We could
have useda specialdeferredsetto typetheoccupied block sensors abstractvariable.However, asthere
is a strictmappingfrom oneblock to oneblock sensorwe typedit aswe did for occupied blocks.

occupied block sensors t_block

Relationsand Functions Lett_a,t _bandt_cbescalartypes.We alsousethefollowing relations partial
functionsandtotal functionsto type abstractlata.

ta$ tb
tal7thb

tal tb

t_al P(t_b
tal (t.b!7t ¢

For examplethe abstractonstanttx_next_block up associateto a block its next upward block. A
block hasatmostonenext blocklocatedin theupwarddirection.A terminalblockin theupwarddirection
hasno next upwardblock. Sonext_block up is a partialfunctionfromt_blocktot_block.



ctx_next_block up 2 t_block!7 t_block

SequencesWe usesequencesf a scalartype whenwe needto formalizea sequencef elementsFor
example,the abstractconstantctx_block occ aut_up givesin what orderblocks have to be treatedto
computeblock occupang authorizatiorin theupwarddirection.This abstractonstanis formalizedasa
sequencef blocks.

ctx_block occ aut_up 2 seqt_block)

Read Operations The datatypesdescribedabove are usedto type abstractdata.However, in the end,

concretecodeshouldbeproducedsoin orderto interfaceabstractlatawith concretecode readoperations
areprovidedwith abstractiata.For example to readtheabstracwariableoccupied blocks, we de ne the

read occupied blocks, whichreturnsasa Booleanvaluethefactthatsomeblock givenasaninputvalue

is occupied.

p_bool read occupied blocks(p_block) b

PRE

p_block 2 t_block
THEN

p_bool:= boolp_block 2 occupied blocks)
END

Readoperationsarede ned for everyvariablethathasanabstractlatatype. Sometimesmorethanone
readoperationis givenfor a givenvariable.This is the casewith partial functionswhere,beforereading
the value associatedo someinput value,one needsto know if the input value belongsto the domain
of the partial function. All thesereadoperationsare de ned asgenericpiecesof B model. A tool was
usedto generateautomaticallyreadoperationgor a givenabstractmachine by instantiatingthe generic
operations.

All the abstractdatatypespresentecererepresenthe basicelementsf B regardedasa high-level
languageDuring abstracmodelling,only thosetypesareused.Furthermoreafteranabstractariableis
de ned in the abstracmodel,the variablewill notbere ned wherein.Abstractdatawill only bere ned
in the concretemodelfor implementatiorpurpose Actually in otherB software projectswe may re ne
someabstract/ariableswith otherabstract/ariables put this wasnot usedfor RoissyWCU-SCS.

4.3 Abstract Model Ar chitecture

Theabstracmodelarchitecturas basedn the functionalbreakdevn provided by theinformal speci ca-
tion documentsThe B moduleswritten at this stageare entirely part of the nal B model.If we regard
the nal modelasanimportationtree IMPORTS clause) thenthe abstracimodelis somehigherpart of
thistree.Theabstracmodelarchitecturdookslik e this.

The architectureis a tree of B modules.Two kinds of modulesare used:moduleswith an abstract
machineand an implementatiorand moduleswith only an abstractmachine.Moduleswith an abstract
machineandanimplementatiorare calledsequencingnodules.They areusedto specifysequencingf
treatmentdnsideoperationsmplementationAn implementationmportsmodulesie ning theoperations
calledby theimplementationModuleswith only anabstractnachinepamednal modulesyepresenthe
leavesof theabstracimodel. They areusedto specifydataandto specifyoperations.
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Fig. 3. AbstractModel Architecture

In thearchitectureye recognizehe mainfunctionalmodulesfrom theinformal speci cations:

Main This is the startingpoint of the project. The main B module,which is the root of theimport tree,
containganentryoperatiorcalledr un_cycle whichis calledataregularpace andwhich,asasequencing
operationcallsindirectly every operationof the B project.

Input This functionalmoduleacquiresnput messageand Iters them.Retrieving input datais carried
onthroughbasicmachineswhich have anabstracimachineandhandwrittenADA codeto call low-level
input proceduresDue to basicmachinesthe abstractmodel of this functional modulediffers slightly
from the corefunctionalmodulesit will notbe detailedary furtherin this paper

Block Logic Thisfunctionalmodulecomputesin a safeway, the occupatiorof blocksby trains.

Route Logic This functional module establisheglementaryroutes,commandsand controls switches
positionsonthetracks.It alsocontainsa sub-functionlcommandf routeturnaroundcycles)whichis not
classi ed assafetycritical, but whichis neverthelesspeci edin B asit is a high level function.

Mode Logic This functionalmodulemanagesrain anti-collision.lt computescommandsandcontrols
selectionandpowersdiscretetrain speedorograms.

Output This modulegathersinformationcomputedby the previous modulesto preparethe creationof
outputmessageby basicmachines.



Context Thereis alsoonthefarleft asubpartalledcontet, speci c to theB project.Thecontet de nes
enumeratednddeferredsets(from the SETSclause) concreteandabstractonstantsAll theseconstants
dataaregatheredsincethey arehighly sharednsidethe B project.

Abstractconstant@areusedto make the nal programindependentrom con gurationdata.Let's con-
sideragain the exampleof the abstractconstantctx_next_block up thatassociateso a block its next
upward block. The value of this constantmay differ from oneWCU to the other But the propertiesde-
scribingthe abstractonstanin the PROPERIES clauseremainthe samefor all WCU. As the B model
representshe coreof the WCU software, it remainsthe samefor all WCU. The constantvaluesarethus
givenin ADA. They arespeci ¢ to eachwWCU. As their valuationis performedoutsidethe scopeof the B
processaspeci ¢ mechanisnhasto beusedto checkthatactualconstanvaluesful Il their B properties.

Architecture In the abstractModel architecturewe may have columnsof sequencingnodules(one
sequencingnodule importing anothersequencingnodule and so on), to re ect thatin speci cations
a treatmentcalls anothertreatmentand so on. To avoid too mary sequencingnodules,we uselocal
operationgsee[MRefB02] LOCAL_OPERATIONS clause).

Theabstracmodelimportationtreeis presenteduchthatB modulesareallowedto see(SEESclause)
othermoduleslocatedon their left. This rule correspondso a data o w from theleft to the right. Thus,
input dataareseenby the block logic whoseresultsareseenby theroutelogic andso on. Context mod-
ulesmay be seenby arny othermodule.Applying this rule makesthis architecturevalid asregardsthe
constraintof the SEESclause(see[MRefB02]).

An abstractnodulewith only anabstractnachinecontainsabstracvariablestheirinitializationandop-
erationghatformalizepseudo-codspeci cations As discussethefore ,operatiorspeci cationsaredeter
ministic andfeasible.Hereis anexampleof a substitutioninsidean operationbodywhereset-theoretical
notationis useful.

occupied blocks := occupied blocks|
(ctx_b2b up [ ctx_b2b down) *[obd[
otd

Actually dueto the sizefactor anoperationspeci cationmaybe muchlarger.

Whena functionalmoduleis modelledinto a too large B module,we try to breakit down sincethe
tools are muchmore ef cient on treatingmary small modulesthanfew large ones,especiallywhenit
comedo proofandautomatiae nement.Suchanabstracmodelbreakdavn shouldrespecB architecture
rules,especiallythoseconcerningsariablemodi cations (seefMRefB0Z]). Sowetry to gatheroperations
modifying the sameabstracvariablesn the samemodulesWhenthis cannotbe performedthemwe can
still replaceavariableby two variablegepresentinghe sameentity at differentmomentsof theexecution
cycle. Synchronizatiorof thetwo variablescanbe achiezed by a parentmodule,sinceit hastherightsto
modify bothvariables.

Operationgraceabilityis achiezed by placingreferencedo informal speci cationinside the quality-
assurancbeadef operationsThisis helpful for inspectiorandmaintenance.

4.4 Abstract Model Properties

The methoddescribedso far, canbe summarizednto formalizing the software functional speci cation,
elementby element,jnto a B abstracimodel.Eachelementis moreor lessindependentrom the others,
which meanghatamodellingerrorin oneparticularelemenis unlikely to bediscoveredaftertheelement
hasbeenformalized.



Duringthelaststageof theabstractnodelphasewe insertpropertiestying elementsogetherinto the
abstracimodelthathasto be proved by the endof the abstracimodelphase Thosepropertiesstrengthen
the abstracimodelsincewe have to prove thatthey hold whenall elementf the abstracimodelareput
together

Thesepropertiesarepartof the speci cationdocumentsThey comefrom systemanalysisandthey all
aresafetycritical properties So proving thatthe softwarebuilt throughthis processcomplieswith those
safetycritical propertieds of tremendousmportance.

Abstractmodel propertiesarewritten inside the higherlevel B module(calledthe main module),the
one with the run_cycle operation.Propertiescould be either static or dynamic. Static propertiesare
propertieshat canbe expressedvith abstractvariables(andof coursewith constants)They arepart of
themainmoduleinvariant.Dynamicpropertiesarepropertieghatlink theold valuesandthe new values
of somevariablespeforeandaftercalling therun_cycle operationSoin themainabstractmachinethe
run_cycle operationis formalizedasa “becomessuchthat” substitutioncontainingdynamicproperties.
Theold valueof anabstracvariablex is expressedy x$0 andthe new valueis expressedy x.

At runtime,the softwaredevelopedin B is usedby calling at a regular pacetherun_cycle operation.
As the B modelshouldbe entirely proved,thanksto invariantpreserationandre nementconsisteng of
therun_cycle operationwe aresurethatstaticanddynamicpropertieshold at eachcall of this operation.

As anexample,a propertystatesthata block hasto be regardedas occupiedwhenits block detector
is occupiedor when a beamsensorocatedat one of the block bordersis cut. A simpli ed predicate
formalizingthis propertyis givenbelow.

8block (block 2 t_block®
((ctx_block _bs up[f blockg] [ ctx_block bs down[f blockg]) \ cut_beam sensors 6 ? _
ctx_block detector|f blockg] occupied block detectors)

)
block 2 occupied blocks)

In orderto prove entirely the abstractmodel,thosepropertieshave to be handledthroughsequencing
modulesuntil they propon nal modulesThistop down approacHor propertiesalongtheabstracmodel
is only usefulfor explanationpurpose Actually, we useda bottomup approachThe procesof formal-
izing a propertyis describedasfollows. After analyzinga propertywe gure out on which operations
thepropertyis proppedon. The propertymay comedirectly from the postconditiorof one nal operation
or it may comefrom several operationsSometimesa more comple reasoninghasto be carriedon to
convince oneselfthatthe propertyholds. Usually in thosecasesthe propertyis cut into several smaller
properties.

The actual B propertiescomeat rst from the postconditionof the relevant nal operationsThey

arethenspreadn uppersequencingnodulesfrom the bottomto the top. The abstractvariablesdealing
with propertiesarerede nedin the uppersequencingbstracmachinesandpropertiesareinsertednside
operationspeci cation. After eachstep,beforespreadinghe propertyto the next upperlevel, we check
if thelemmasareprovable.In fact, at the beginningwe do not have a completelyclearideaon how the
propertyshouldbe formalizedin B, sowe rst startwith aninitial versionof the propertyandthenwe
nalize it throughproving. In caseof non-pravable lemmawe checkour alleged propertyagainstthe
informal propertyand againstthe called operationsThroughthis processwe found errorsin the way
propertiesvereexpressedn B but alsoinside nal operationsSomepropertiedssuedfrom the software
speci cationdocumentsvere alsomademore precise.For instance the propertycould be true only in
nominalmode,whichwasnotinitially statedexplicitly in theinformal speci cationdocuments.

The softwarespeci cationdocumentsontainl6 propertiesvhich hadto beformalizedin theabstract
model.Althoughit seemgo beasmallnumbersomepropertiehadto becutinto mary actualproperties.
At theend,thesizeof the staticanddynamicpropertiesn themainabstraciachinevasmorethan1,000
line long.
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5 Concrete Model

5.1 Principles

TheconcreteModelphaseconsistsn completinghe AbstractModelto getto acompletelyimplementable
B project.As the operation®f the nal modulesof the abstracimodelaredeterministicwe do not need
the speci cationdocumentsary more. The only input of this phaseis the abstractmodel and the goal
is to implementit completelythroughre nementandimportationbreakdavn. Whenthe concretemodel
is fully proved,thanksto re nementproof, thenwe are surethatthe concretemodelcomplieswith the
abstracmodel.

Actually developingthe concretemodelis justatechnicalphaseldeally, we coulduseatool thatwould
translateautomaticallythe deterministicabstracimodelinto ADA codein orderto reducedrasticallythe
developmentcost.However, asabstracimodeldealswith abstractdatatypes(see4.2) suchatool is not
obviousto implementanddoesnot exist yet.

The concretemodel was originally handwrittenby Siemeng(see[Behm99]). The processhasbeen
enhancedsince. As the abstractmodel usesa limited numberof abstractdatatypes(see4.2) and as
terminal modulesuse set-theoreticabubstitutionsworking with thesesamedatatypes,the re nement
processs similar for all software developedwith this method.So this processhasbeenrationalizedby
developingsemi-automatice nementtools basedon the applicationof re nementrules.Thesetoolsare
calledEDiTh B andBertille (see[Burd99]).

During the automaticre nement process abstractvariablesare either kept throughre nement (see
[MRefB02] homorymousabstractvariabledatare nement) or they arere ned by a concretevariable
with a completegluing invariant. With this precautionwe aresurethat proof re nementguarantieghat
the concretemodelcomplieswith the abstracimodel.Sore nementtools do not requireto be validated,
sincethe processs fully coveredby proof. In otherwords,re nementtools are just hereto guessthe
re nement(hopefullyacorrectre nement),but if their guesds incorrect,proofwill detectit.

Theactiity of automatiae nementby applyingre nementrulesis very similarto proving by applying
proving rules.In both casest is usuallyeasierto treata generalcase thanto treata specialcasesinceit
breaksdown aninitial, andpossiblylarge problem,stepby stepinto smallerproblemsdescribedy rules
with alimited compleity.

5.2 Semi-automaticRe nement

Wearenow goingto describghesemi-automatice nement.In practice puilding theconcretenodelcon-
sistsin re ning independenthgvery nal abstractnachineof theabstractnodel.We build animportation
(clauselMPORTS) subtre€for every suchabstractnachine.

Manual Re nement Preparation In a rst stepwe preparananuallytheautomatiae nement.Thisstep
aimsto reducethe compleity of the automaticre nementby breakingdown the startingpoint abstract
machineinto smallerabstracimachinesandby writing intermediatee nementlevelsto easere nement
of operations.

To breakabstractmachinem down, we write animplementatiorthatimportsseveralabstractnachines
namedm_a, m_b, m_c,. There nementof anoperatioris madeby callingimportedoperationspeci ed
asasubparbf theoriginal operationEvery abstractariableof m is redeclarednsideoneof theimported
abstracimachine.Breakingdown an abstractmachineis not alwayseasysincewe have to comply with
architectureules,especiallyconcerningabstractvariablesmodi cation. However it wasalwaysat least
possibleto split anabstractmachineinto an abstracimachinecomputingthe conditions(of SELECT or
IF substitutionsandan abstractmachinecomputingthe bodiesof thosesubstitutionssincea condition
computatioronly returnsa Booleanvalueanddoesnotinvolve globalvariablemodi cation.
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m Abstract Model

m_i
Manual
Concrete
Model
m_a m_b
m_ar m_b r
m_a_i m_b_i
Y \ 4
m_a_1l m_b_1
mali mb 1
+ + Generated
m_a 1 it m_a 2 m_b 1 it m_b 2 Concrete
m_a 1 it i ma2i m_b_1 it | m.b 21 Model
m_a_3
m_a 3
m_a 1 it m_a 4 machine
m_a 1.iti m_a 4 refinement B module
implementation
¢ imports

Fig. 4. ConcreteModel of a TerminalAbstractMachine

This rst stepis notmandatoryhoweverit waswidely usedin theprojectaswe weredealingwith very
largeterminalabstracmachines.

Semi-automaticRe nement In a secondstepwe useautomatictoolson thelastB componenbf every
leaf of the new import tree, which could be eitheran abstractmachineor a re nement. In this caseit
operateon m_a andm_b. Thetool is madeup of two passesilt callsonceEDiTh B andthenit calls
Bertille till theconcretamodelis completedIn the project,automatiae nementmayleadto amaximum
of 7 levels of generatednodules.

EDiTh B is usedto implementanabstracmachineor are nementwith animplementatioranda new
sub-abstraaghachingsufx edwith _1) in whichhighlevel abstracsubstitutiongANY, SELECT“becomes
suchthat”,) arereplaceby low-level abstracsubstitutiongIF, CASE)thatcanbe handledby Bertille.

Bertille implementsanabstractmachinethatcontainsonly low-level substitutionsandit mayalsopro-
ducea new sub-abstraainachine(sufx edwith _2, 3, 4,) andanabstracimachinecontainingiterators
(sufx ed with _it). To re ne abstractvariablesand substitutions Bertille usesa re nementrule base.
WhenBertille produceda new abstractmachinethenit is calledagain on this abstracimachine until the
concretemodelis completeor until it fails duringre nement.

Abstractvariableof anabstractnachineareeitherkeptin thenext sub-abstraanachingseefMRefB02]
homorymousre nement)whenthey arestill neededn the sub-abstraainachineor they areimplemented
by using a variablere nementrule. All the abstractdatatypesdescribedn 4.2 have a corresponding
variablere nement.Sovariablere nementis aneasyandcompleteprocess.

For example,the occupied blocks abstracwariable:
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occupied blocks t_block

is re ned by the occupied blocks_i concretevariable:
occupied blocks_i 2 t_block! BOOL"
occupied blocks = occupied blocks_i *[f TRUE(]

Substitutionre nement,however, is morecomple. As a generalprinciple, substitutiongdealingwith
setscanbere ned with the helpof setiterators,asshavn in the examplebelow.

MACHINE m_a_1
oplb

a:= boo(S 6 ?)

IMPLEMENT ATION m_a 1 i
oplb

a .= FALSE;
WHILE continue = TRUE DO
continue; x  iter ate t_a;
y op_l 1(x);
IFy= TRUE THEN
a:= TRUE
END

MACHINE m_a 2
p.y opll(px) b
PRE

MACHINE m_a 1 it
- px2t a
pu_boot pelt iteratet a b THEN
p_y:= boolp x25S)

END

We have to implementherethe set-theoreticasubstitutiona := bool(S 6 ?) whereS is a subsef
thedeferredsett_a. Theideais to initialize a to FALSE andthento loop on eachelementy oft_a. If y
belongsto S thenS is notempty soa is setto TRUE, otherwiseS is the emptysetanda remainsequal
to FALSE.

To do so, we usean abstractmachinecontainingan iteratoron type t_a. This machineis available
asa genericmachineandoffers servicesto performefciently aloop on a deferredset. The knowledge
of this kind of iteratorsis integratedinto Bertille, sothatit generatesutomaticallythe loop variantand
the part of the invariantrelatedto the loop indexes.Bertille automaticallygenerateshe iteratorabstract
machinein which it instantiategienericparametersin this casethet_a type.Bertille alsogenerateshe
implementatiorof theiteratorabstractmachine.
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We alsousea new sub-machineontainingan operationto testif somevaluex belongsor notto S.
As we cansee we have now anotherabstractmachineto implement However, this operationis this time
guite easyto implement,sincewe just needto implementthe abstracwvariableS with thearrayS i and
themwe cangetthevalueof y from S_i(x).

The re nementwith thosetoolsis only semi-automaticsinceBertille may fail during the re nement
of a substitution.In this case,we have to examinethe causeof the failure. Most of the time, we adda
new rule, or we adaptan existing rule, in Bertille rule base andthatsolvesthe problem.Them,Bertille
shouldbe rerun. This actionmay be repeatedseveraltimes. At the endof the processwheneverything
is re ned, the concreteB modulesautomaticallyproducedshouldbe type checled andoneshouldcheck
if thelemmasgeneratedreprovable.This is requiredto checkthatthe codeof new rulesis correct.As
proving easilyis alsoa mainissue,we shouldalsocheckthatthe lemmasmay be easilyproved. Thatis
why new rulesmay sometimede completedoy ASSER substitutions.

5.3 ADA CodeProduced

Whenthe B modelis completeandfully proved,it shouldbetranslatednto ADA. Boththe abstractaind
concretemodelsaretranslatedActually the ADA codeproducedusesthe DigisafeR -ADA technology

Automaticre nementlowersthe costof a software developmentbut what aboutthe ef ciency of the
codegeneratedhis way?Accordingto Siemensstudies codeproducedhroughautomaticre nementis
10% slower thanhandwritten code,which is fully acceptableHowever automaticre nementmay lead
to suboptimalalgorithmswhich are not acceptableTo estimatecodeef ciency at runtime, a statictool
wasdevelopedby Siemenslt requiresasaninput, thedimensioningf types(for examplethe numberof
blocksof thet_block type) andgivesasan outputthe estimateduntime of every operation We spotted
a half-dozenexponential-timealgorithmswherelineartime algorithmscould be usedinstead.This was
dueto theautomaticapplicationof re nementrules.We correctedhesepointsby writing new dedicated
re nementrulesapplyingappropriatdineartime algorithms.

As a nal remarkonthegeneratedDA code,it is interestingo notethatwhenamemberf theproject
developmentteamtook a look at someADA codecorrespondindgo an automaticre nementlevel, this
personwas lost and could hardly make the link with the software speci cation. Actually, it would be
the samefor a personwho would comparethe ADA codehe wrote to the correspondingassemblycode
generatedy a compiler However, proof makes all the differencein our case.Although automatically
generated0 codemaylook meaninglessye canstill be surethatit implementscorrectlyits partof the
abstracmodel.

6 Project Statistics

We shallnow presenndcommentsomeprojectstatistics.

6.1 B Model Size

[B Model | Lines | Rate]
Grandtotal 183,987100%
AbstractModel without readoperations 28,163| 15%

anditerators(324 operations)
AbstractModel: readoperationsaanditerators | 10,503| 6%
ManualConcretanodelwithoutreadoperations27,756| 15%
AutomaticConcreteModel 117,565 64%
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[ModulesandComponents [Numbef

Numberof B modules 532
Numberof basicmodules 28
Numberof intermediatee nements 59
Numberof B componants 1,093

Thecoreof theabstracmodelis 28,000line long. Thisis quitealargenumberthatcanbe explainedby
thedifferentkinds of sectiongdnormalline sectionsgaragesectionsswitchsectionbetweertheline and
the garage).Thoughthey sharecommonprinciples,they have differentsoftwarespeci cation,sincethey
have beenspeci ed at differenttimesby differentpeople.So they make the speci cationdocumentsas
well astheabstracmodel,larger Therestof theabstracmodel(10,000lines)is generatedutomatically
by instantiatingabstraciteratormachinesr readoperations.

Althoughthe manualpartof the concretemodelis also28,000long, it doesnot costmuchto produce
sinceit is mostlywritten by applyingsimpletransformation®n a copy of the nal abstractmachines.

Therestof the concretemodelis huge(118,000iines) but it is automaticallygeneratedby tools.

6.2 ADA CodeSize

|TranslatedADA Code \ |
Linesnumber(withoutemptylinesnor comments)l58,612
Numberof procedures 4,809

Thenumberof ADA codelinesis alsohuge.This s for threereasons:

— The useof Digisafer -ADA: dataand instructiondedicatedo Digisafer -ADA are automatically
insertedduringtranslation We canalsopoint out that Digisafer -ADA forbids complex expressions
or conditionswhich leadsto anextra useof local variablesand“becomesequal” substitutions.

— Everypartof theconcretenodelis usuallybrokendown into mary intermediatdevels,which produce
alot of code.

— Codeis notsharedhroughthis processFor example,genericelementsharea similar code however
the codeis duplicatedat eachuse.

The estimatedsizeof the completesoftwarewithout Digisafer -ADA andwithout somary intermedi-
atelevelswould be 60,000linesof ADA code.

6.3 Proof

|Proofof Lemmas |[Lem.NDb| Rate|[Lem. Nb|Ratg
Grandtotal 43,610(100%

ForceO 38,822| 89%

Forcel 1,397 | 3%
Genericdemonstration§61 userpass) 1,950 | 5%

- basedn predicateprover 1,272 | 3%
Total of automaticdemonstrations | 42,169 97%

Interactve demonstration§/45) 1,441 | 3%

[Numberof interactve demonstrations/day5s]
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[ProofRules [Nb] Rate]
total 2901009
validatedby the predicateprover|243| 84%
validatedsemi-automatiquely | 27| 9%
validatedmanually 20| 7%

Thenumberof lemmasautomaticallygenerateds alsohigh (43,000lemmas) Thusperformancef the
tool concerningproof, and especiallyconcerningautomaticproof, is a majorissuefor the projectcost.
Force0 of theautomatigrover of Atelier B did mostof thejob, sinceit proved89%of all lemmasForcel
proved3%. Around 60 genericdemonstrationsnainly basedn the predicateprover, provedanotheb%.
This makesthe automaticproof rateof 97%. The remaining3% lemmasweredemonstratethteractvely
with anaveragerateof 15lemmasby man.day

Theconcretemodelwaseasierto prove thanthe abstracimodel;sinceeverythingwhichis donein the
concretemodel,is broken down into small stepsrepeatinghe samepatternsoptimizedfor proof. In the
abstracimodel,the proof of safetypropertiedeadsto comple< andlong interactve demonstrationghat
cannotbe easilyreused.

The predicateprover wasalsovery helpful for validatingnew proofrules.

6.4 Manpower Breakdowvn

[Manpaver CostRate | \ |
Grandtotal 1009%
Warmup 5%
Projectmanagement 8%
AbstractModel 55%

- questions/answeenddocumentsanalysis 18%
(267 questions4 questions/day)

- iInspections 5%
- proof 16%
ConcreteModel 24%

- proof 11%
Finalization(con guration mngt,replaydoc,rulesvalidation) 8%

The costratio betweenabstractand concretemodelsis 2/3 for the abstractmodel and 1/3 for the
concretanodel.

Most of thetime spenton building theabstracmodelwasactuallyspenton analyzingthe speci cation
document@ndtracingissuesn the question/answetatabase.

Proofrepresenta high costfor abstracmodel(30%)but it is worthwhile,sincethisis thewayto assure
thatthe nal codeindeedful lls thesafety-criticalproperties.

The 10% of abstractmodeltime spentin detailedinspectionsvasalsoof interest,sinceit ledto some
correctionsandraisednew questions/answers.

6.5 Speci cation DocumentsSize

|Sizeof inputdocumentgin pages) [ ]
WCU SoftwareSpeci cationDocumeni{(84 functionalmodules) (228
Block Logic SoftwareSpeci cationDocumen{(30 functionalalgo)| 51
RouteLogic SoftwareSpeci cationDocument(37 functionalalgo)| 80
Mode Logic SoftwareSpeci cationDocument(50 functionalalgo)| 98

Thesizeof themaininput speci cationdocumentgiveselementso measurehe sizeof theproject.
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7 Maintenance

Whene&ermodi cationsor evolutionsareperformedon apieceof softwaredevelopedthroughthe method
presentedh this article,whatarethe consequencesn the new softwarerelease?

First,we aresurethatevery releasas still consistentaslong asit is again completelyproved.

Then, modi cation costis limited, if the software structureis not questionedand if the impacton
the previous proof work, especiallythe proof of the abstractmodel properties,is limited becauseall
the developmentervironmentis setup. In this case,re nementrules and proof rules are likely to be
efciently reusedHowever a majormodi cation of eitherthe speci cationor the propertiesnayrequire
to develop andto prove again mostof the software, but sucha situationwould also occurwith a non
formal development.

8 Conclusion

We have presentedn this article, a straightforvard processsummarizedelow, and basedon reusable
genericelementgreadoperationsanditeratorscomponentsandon stateof thearttools, especiallyauto-
maticre nementtools.

The processds split into two phases,rst softwaredocumentpeci cationsareformalizedinto anab-
stractmodelandthenthe abstracmodelis implementednto the concretemodel.

The abstracB modelmanipulatesigh-level softwaredata. Thosedatahave a high-level aspectsince
they useabstractdatatypessuchas setsof scalartypes,relations,partial and total functionsfrom an
abstractdatatype into anotherabstractdatatype. However, they also have a concretesoftware aspect
sinceevery abstractdatatype is directly and systematicallyimplementedoy concretedata. This is the
only datare nementused:anabstractariablede nedin theB modelis keptunchangedh lowerimported
moduleqit is re ned by anhomorym abstractariable)until it is nally re ned by its associatedoncrete
variable(s)n theconcretamodel.

Sequencindreatmentsare formalizedas sequencingalls of operationsn the implementatiorof se-
guencingmodules.

Corelogical treatments@reformalizedin operationspeci cationsby high-level softwaresubstitutions.
They arehigh-level, sincethey useset-theoreticaéxpressionsand parallelsubstitutionsHowever these
substitutionsare deterministicand they can be implementedthroughautomaticre nementrules. The
re nementprocesso generatehe concretemodel startingfrom the abstractmodelis semi-automatic.
Re nementrulesimplementstepby stepsucha set-theoreticasubstitutionby generatingsoftwareloops
goingthroughevery elemenif the set.

All thesecharacteristicsnake the B Methodusedthroughthis processa high-level programmindan-
guage However, a key featureof this so-calledanguagdies in its proof capabilities The procesffers
the possibilityof proving thatsomepropertiesareindeedpreseredby eachcall of the mainsoftwarepro-
cedureObviously, in the caseof safetycritical softwarethosepropertieshallbe safetycritical properties.
Theprocesslsoprovesthatthe nal codecorrectlyimplementsts formal speci cation.

Theprocesslescribedereis suitablefor any industrialdomainsnotonly for railwayscommand/control
software.Actually this procesglealswith designingorocedurakoftwarebasedn logical treatmentspnot
basednrealor oating-point numberslt is all the moresuitablethatsoftwarespeci cationcanbeeasily
formalizedinto set-theoreticadxpressions.

Fromthemanagemertointof view, the projectwentoff accordingo theinitial schedulealthoughthe
softwareproduceds quitelarge, thanksto a straightforvard processandef cient tools.

Every veri cation stagethroughouthe processvasusefulandled to early error detection:analysisof
software documentspeci cation, type checking,inspectionsproof of abstractmodel safetyproperties,
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re nementproof of correctimplementationThe WCU-SCSis currentlybeingintegratedwith the restof
the software.
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