
UsingB asa High Level Programming Languagein an Industrial
Project: RoissyVAL

ClearSyandSiemensTransportationSystems

Abstract. In this article we would like to go backon B usedto designsoftware,by presentingthe
industrialprocessestablishedthroughyearsby SiemensTransportationSystemsonarealproject:the
VAL shuttlefor RoissyCharlesde Gaulleairport. In this project,the logical coreof an equipment
locatedalongthetracksanddriving theshuttlesis designedwith B.
By confrontingthis B softwaredevelopment,with thehistoricalcontext, we show thatB canbeused
asa high-level programminglanguageoffering the featureof proving properties.We show how this
processis usedto build, by construction,a largesizesoftwarewith very few designerrorsever since
its �rst release,andfor aprede�nedcost.

1 Intr oduction

Historically, theB Methodwasintroducedin thelate80s' todesigncorrectlysafesoftware(see[BBook96]).
A wider scopeuseof B appearedin themid 90s', calledEventB, to analyze,studyandspecify, not only
software,but alsowholesystems(see[Abr96]). Thisarticlepresentstheresultsof usingB in anindustrial
context, to producethesafetycritical softwareWCU1 for theRoissyVAL 2 system.Thewholesystemis
developedby SiemensTransportationSystems.TheB developmentof theWCU, hasbeensubcontracted
to ClearSy, who appliedSiemensB Methodto producesoftware.This methodhasbeen�rst established
for thedevelopmentof ParisundergroundmetroLine 14, called“Météor”, andhasbeenenhancedever
since(see[Behm99]). It consistsin usingB asa high-level programminglanguage,includingthefeature
of proving properties.

Controlling the developmentof safetycritical softwareis a main concernfor Siemens.They have to
guatanteethatthesoftwarecompliesto its requirements,andespeciallyits safetyrequirements.They also
needto controldevelopmentcostsanddelays,especiallyfor thedevelopmentof a largeproject,wherethe
sizefactoris akey issue.

To achieve this goal, Siemensdesigneda processfor usingB ef�ciently to build a correctpieceof
softwareby construction.Thatmeansthatthe�rst softwarereleasehasalreadyvery few designerrors.In
this processUnit Testsarenot performed,sincemoreeffort is directedto theearlyspeci�cationphases,
to build directly correctsoftware.The next developmentstepsremainbasicallythe same:the software
producedwith B is integratedwith the restof thesoftwareandgoesthroughhosttests(simulationtests
on a workstation).Thensoftwareis integratedin thehardwareof theWCU andgoesthroughtargettests,
andsoon.

Thisarticlefocuseson thisprocess.

– Section2 presentstheRoissyVAL system.
– Section3 introducesthe principlesof the B Method.This methodis decomposedinto two phases:

formalizing detailedspeci�cationdocumentsinto a B Abstract Model, andthenimplementingthis
modelinto aConcreteModel.

– Section4 detailstheAbstractModel.
– Section5 detailstheConcreteModel.
– Section6 analyzestheprojectstatistics.
– Section7 presentsthemaintenanceof suchaproject.
– Section8 concludes.
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2 RoissyVAL Shuttle Presentation

A new VAL shuttlesystemisbeingdevelopedby SiemensTransportationSystemsto equipRoissyCharles
de Gaulleairport for ADP (AéroportsDe Paris). The �rst line, due in June2006,will connectRoissy
terminal1 to Roissyterminal2, throughRoissyPoleandtwo carparks.TheVAL systemis a driverless
light train.Line 1, asshown in �gure 1, is madeupof 5 sectionsfrom CDG-1to CDG-2,plus2 technical
sectionsto parkandmaintaintrains.The line hastwo tracks.VAL trainsusuallydrive on theright hand
sidetrack,however they maydriveonany directionandchangedirectionatany time.
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WCU
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WCU
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Fig.1. RoissyVAL - Line 1

TheRoissyVAL systemis basedon theVAL systemof ChicagoO'Hare airport.This systemdiffers
from theotherVAL metros,likeOrly-VAL (see[Dol03]). It offershigherfunctionalitiesthanksto adigital
equipmentcalledWaysideControlUnit (WCU).A WCU drivestrainsonaline section.Actually, asection
hastwo redundantWCUsfor availability issue.All theWCUsarelinkedby aredundantEthernetnetwork,
which alsoconnectstheControlCenter. TheControlCentermanagestraf�c on theline by sendingroute
ordersto the WCUs. A WCU receives theseordersandthensafelycommandsandcontrolsautomatic
trainson its section.

As shuttlesarelight trains,they arecommandedby discretespeedprograms.Every speedprogramis
physically associatedto anelectriccurrentloop locatedon the trackandcoveringsomecontinuouspart
of the tracks.Whenit is powered,a speedprogramgivesat any point of the loop a �x ed speedorder.
Severalspeedprogramsmaycoexist atacertainpointof thetrack.Examplesof speedprogramsarecruise
speed,low speed,departurespeedandarrival speed.WCUs drive trainsby selectingandpowering the
right loops.Whentheon-boardtrain systemdetectsa speedorder, it adjuststhetrain speedaccordingto
theorder.
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Beforesendingordersto trains,WCUs shouldbe ableto localizesafelytrainson the line. To do so,
every sectionis decomposedinto �x edblocks,which give the localizationgranularity. With thehelpof
differentsensors,WCUsshouldsafelyestablishwhetheror nota trainoccupiesablock.

Thoselogical treatmentsareperformedby apieceof software.Thesoftwareis split into low-level mod-
ulesthattakecareof input/output,taskscheduling,asdescribedinto [Behm99], andinto high-level mod-
ules,which handlethelogical andfunctionaltreatments.Thecoreof high-level modules,which contains
SafetyCritical Software,is calledWCU-SCS3. It is designedin B andthentranslatedinto DigisafeR
 -
ADA. Therestof thesoftwareis directlydesignedin DigisafeR
 -ADA. TheDigisafeR
 techniqueintends
to insuresaferuntimewith only oneprocessorandreplacesarchitectureswith redundantprocessors.It is
complementarywith theB Method,whichavoidsdesignsoftwareerrors.

All the WCUs doesnot sharethe exact sameADA code,as con�guration dataare speci�c to each
WCU. However, thecorepartdesignedin B is thesamefor all WCUs.

3 Principles of the B Method Used

We shall now introducethe principlesof the B Methodusedin the project.This B Method is part of
Siemenssoftwaredevelopmentprocess.It describesstepby stephow to useB to build apieceof software.
Thewholeprocessis madeup of guidelines,of B genericelements(which shouldbeinstantiatedat each
usein theproject)andof toolsalsodevelopedby Siemens.

Thestartingpointof aprojectis low-level softwarespeci�cationdocuments,writtenin naturallanguage
andpossiblyusingany formalismto helpdescribingthesystem.

Thismethodsuitssoftwaremainlybasedonadiscretelogicdescription,wherebasictypesareBooleans,
�nite sets,integersor integersregardedasdecimalnumbers.It doesnotsuitsoftwarebasedoncontinuous
calculusor basedon �oating pointnumbersthatcannotberegardedasdecimalnumbers.

The developmentprocessis split into two phasescalledAbstract Model andConcreteModel. These
phasesarenamedafterthepartof theB modelthey produce.

During the �rst phase,every functionalpieceof informationor every requirementfrom the informal
software speci�cationsshouldbe formalizedinto the AbstractModel. To make surethat the Abstract
Model indeedmatchesits formal speci�cation,we useinspections.A key featureof this Method is to
offer thepossibilityof strengtheningtheabstractmodelby proving thatsomepropertiesareestablished
on thewholemodel.

AbstractModeldatahaveabstracttypessincethey arebasedonsets,relationsandfunctionsof scalars.
Abstractdatatypesmake theAbstractModel compactandclosefrom informal speci�cations.However,
thesedataandtheir treatmentscannotbedirectly implemented.

Thegoalof thesecondphaseis to build theConcreteModel startingfrom thenot implementableparts
of the AbstractModel. This task is completelysystematicanddoesnot requireany knowledgeon the
informal speci�cations.We have to prove that the ConcreteModel is a correctimplementationof the
abstractmodel.

Thesetwo B developmentphasesarenow detailedin thenext two sections.

4 The Abstract Model Phase

4.1 Informal Speci�cations

Informalsoftwarespeci�cationdocumentscomeasanoutputof thesystemdevelopmentphase,performed
by Siemens:systemanalysis.During systemanalysis,choicesaremadeto designthe system,so that it
3 WaysideControlUnit - SafetyCritical Software
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shouldmeetits functional requirements,and more important,that it shouldmeetthemsafely. System
designproducesanequipmentarchitecturebrokendown into hardwareandsoftwarespeci�cationdocu-
ments.Softwareis alsobrokendown into asafepart,wheresafetyis concerned,andapartwhereit is not.
In thecaseof theWCU equipment,thesafesoftwarepartcommandsandcontrolsdriverlesstrainson a
givenline section.

Documents

Software
Specification

Abstract
Model

Concrete
Model

safety properties
proof

well�implementation
proof

Formalization

Digisafe�ADA

Translation

B Model

Inspections

Fig.2. AbstractandConcreteModels

The SafetyCritical Softwarepart (calledWCU-SCS)is designedin B andwill produceasan output
DigisafeR
 -Adacode.In orderto ensuresafetyfor thewholesystem,detailedchoiceshaveto bemadefor
thesafesoftwareduringthis earlyphase.Actually thesafesoftwarerequirementsproducedat theendof
systemanalysisarevery detailed.They describea functionalbreakdown of thesoftwareinto elementary
functionswith data�o w charts.Mostelementaryfunctionsarepreciselyspeci�edin termsof input,output
andpseudo-codeto specifyoutputcomputation.Sequencingof elementaryfunctionsis alsospeci�ed.

In the caseof the RoissyWCU-SCSproject,informal speci�cationscomeasa collectionof various,
moreor lessold, documents.Threedocumentswerewrittenmorethantenyearsagofor theChicagoVAL
system,beforeB wasusedat Siemens.They describethespeci�cationof thethreemainmodulesof the
system(Block Logic, RouteLogic, Mode Logic). They usefunctionalbreakdown, data�o w chartsand
treatmentsarespeci�edby pseudo-code.Thetop documentis morerecent.It waswritten just beforethe
beginningof theB development.It usesafunctionalbreakdown. It describesdatadirectly in B andmakes
referencesto treatmentscoveredby the threemain modulesdocuments.It alsode�nes new treatments
with thesamekind of pseudo-codethantheotherdocuments.

Wecanpointhere,thathaving aspeci�cationdocumentascloseaspossiblefrom theB modelis a key
issue.Sinceno formal proof canbedonebetweentheinformal speci�cationsandtheAbstractB Model,
the closestthe two are,the lessformalizationerrorsor misunderstandingof informal speci�cationsare
likely to appear.

In this projectdatawerealreadydescribedin B, which minimize the risk of errorswhenspecifying
datainto theAbstractModel. Siemensmadeall theabstractdatamodellingchoices.Sometimeschoices
arejust mathematicalor methodologicalchoices,for example,a relationA $ B canbeusedinsteadof
a function of setsA 7! P(B ). But mostof the time choicescomefrom knowledgeof the system.For
example,to modela relationbetweensetsA andB , shouldweuseA $ B , A 7! B or A ! B ?It depends
on thesystemproperties.
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Initializationsandsequencingsubstitutions,whicharequitesimple,werealsospeci�edin B. Otherop-
erationsweredescribedby pseudo-codeor in B. As they mayleadto longB operations,theirformalization
requiresto payextraattention,to avoid any possiblepitfall.

Formalizingsoftwarespeci�cationsinto anabstractmodelis errorpronesincethis cannotbecovered
by a formal proof. Informal speci�cationareby natureliable to be incomplete,ambiguousandopento
differentunderstanding,especiallywhenthey arepartof a 200-pagedocumentthathasto bewritten in a
reasonabletime. Althoughthey have �a ws, informal speci�cationsremainthebestway to communicate
speci�cation.However, to handlethis issue,a question/answerdatabaseon thesoftwarespeci�cationhas
beenusedto keepa traceof questionsaskedby ClearSyandanswersprovidedby Siemens.This activity
hasbeenakey issuefor ClearSyto understandeverydetailof therequirements.Sometimesquestionsled
to explanationsfrom Siemensandsometimesthey led to precisionsor adjustmentsof the speci�cation
documents.We cannoteherethatupdatingregularly speci�cationdocumentshelpedbuilding a B model
consistentwith its informalspeci�cations.

In orderto checkB modelsagainstthenaturallanguagespeci�cations,we usedinspections.Every B
Languageelementof themodelis readby a memberof themodellingteamwho did not write it. Inspec-
tionsshouldbeaspreciseaspossible.EveryB symbolof themodelshouldbechecked.Thereaderhasto
beconvincedthat the relatedinformal speci�cationis correctlyandcompletelyformalized.Traceability
betweenB modelsandspeci�cationsisachievedbygivingexplicit references,insidethequality-assurance
commentat the beginning of eachabstractoperation.Whena questionarisesduring inspection,the B
modelmaybechanged,or thequestionmightbeforwardedto theprojectquestion/answerdatabase.

4.2 Abstract Data

Datausedto build theAbstractModelareabstractdata.Wearenow goingto detailthoseabstractdata.

BasicTypes Thebasictypesusedare:Boolean(theBOOL prede�nedset),enumeratedsetsor deferred
sets(declaredin theSETSclause)andimplementableintegers(prede�nedB setsINT andNAT).

TheBooleansetis usedevery timeadatahastwo possiblevalues.

An enumeratedsetis usedwhenadatahasstrictly morethantwo possiblevaluesandwhenweneedto
nameexplicitly all thevalues.For example,a section,managedby a waysidecontrolunit, is dividedinto
�x edblocks.A blockcanbeanormalblock,aswitchblockor astationblock.Sowede�ne:

SETS
t_block_type= f c_normal_block; c_switch _block; c_station _blockg

A deferredsetis usedwhena variablecantake a �nite numberof valuesandwe do not wantto name
explicitly the valuesin order to be generic.Most dataof the projectare typedwith deferredsets.For
example,all theblocksaccessedby a WCU aregatheredinto thetypet_block. In theVAL system,beam
sensorsareusedto detectthepresenceof a train at a certainpoint of a track.A train is detectedwhenit
cutsthebeam.All thebeamsensorsaregatheredinto thetypet_beam_sensor. Sowede�ne:

SETS
t_block;
t_beam_sensor

The only integer variablesneededfor the abstractmodel are delays.We de�ne a concreteconstant
t_time , asa renamingof NAT to declaredelaysregardedasdecimalnumbers.They expressin millisec-
ondsthetime remainingbeforethedelayexpires.Wede�ne:
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CONCRETE_CONSTANTS
t_time

PROPERTIES
t_time = NAT

Thosetypesbring strongtyping, just like in a programminglanguagesuchasADA. This makesan
ef�cient useof the typecheckingconstraintsof theB language,since,for example,wherever a block is
expected,wecannotuseanythingelseinstead,likeabeamsensor.

Thosescalardatatypesareeitherusedaloneor they arecombinedwith typeconstructorsasshown in
thefollowing examples.

Subsetsof Scalar Types This typeconstructorwasthemostcommonlyusedto typeabstractdata.For
example,blocks accessedby a WCU are either occupiedby a train or free. This information should
be safelycomputedby the functionalmodule“Block Logic”. It is formalizedby the abstractvariable
occupied_blocks, which is asubsetof t_block.

occupied_blocks � t_block

A block belongsto occupied_blocks if andonly if it is consideredto beoccupied.We canpoint here,
thatanothermodellingchoicecouldhavebeento usea total functionfrom t_block to BOOL, associating
to ablock thevalueTRUE whentheblock is occupiedandFALSE whenit is not.

occupied_blocks 2 t_block ! BOOL

Actually thissecondchoicesuitslesstheproposedB Method,sinceit is moreanencodingof theformer
(i.e.,theuseof asetcharacteristicfunctioninsteadof thesetdirectly).In thiscaseusingasubsetof blocks
is moreabstract.Expressions,predicatesandsubstitutionsconcerningthis setarealsomoreabstractand
closestfrom informalspeci�cations.

We alsoneedto formalizeblock sensors,which aresensorsdetectinga train insidea block.We could
haveusedaspecialdeferredsetto typetheoccupied_block_sensors abstractvariable.However, asthere
is astrictmappingfrom oneblock to oneblocksensor, we typedit aswedid for occupied_blocks.

occupied_block_sensors � t_block

Relationsand Functions Let t_a, t_bandt_c bescalartypes.Wealsousethefollowing relations,partial
functionsandtotal functionsto typeabstractdata.

t_a $ t_b
t_a 7! t_b
t_a ! t_b
t_a ! P(t_b)
t_a ! (t_b 7! t_c)

For example,theabstractconstantctx_next_block_up associatesto a block its next upwardblock.A
blockhasatmostonenext blocklocatedin theupwarddirection.A terminalblockin theupwarddirection
hasnonext upwardblock.Sonext_block_up is apartialfunctionfrom t_block to t_block.
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ctx_next_block_up 2 t_block 7! t_block

SequencesWe usesequencesof a scalartype whenwe needto formalizea sequenceof elements.For
example,the abstractconstantctx_block_occ_aut_up givesin what orderblockshave to be treatedto
computeblockoccupancy authorizationin theupwarddirection.Thisabstractconstantis formalizedasa
sequenceof blocks.

ctx_block_occ_aut_up 2 seq(t_block)

Read Operations The datatypesdescribedabove areusedto type abstractdata.However, in the end,
concretecodeshouldbeproduced,soin orderto interfaceabstractdatawith concretecode,readoperations
areprovidedwith abstractdata.For example,to readtheabstractvariableoccupied_blocks, wede�ne the
r ead_occupied_blocks, whichreturnsasaBooleanvaluethefactthatsomeblockgivenasaninputvalue
is occupied.

p_bool r ead_occupied_blocks(p_block) b=
PRE

p_block 2 t_block
THEN

p_bool := bool(p_block 2 occupied_blocks)
END

Readoperationsarede�ned for everyvariablethathasanabstractdatatype.Sometimes,morethanone
readoperationis givenfor a givenvariable.This is thecasewith partial functionswhere,beforereading
the valueassociatedto someinput value,oneneedsto know if the input valuebelongsto the domain
of the partial function.All thesereadoperationsarede�ned asgenericpiecesof B model.A tool was
usedto generateautomaticallyreadoperationsfor a givenabstractmachine,by instantiatingthegeneric
operations.

All the abstractdatatypespresentedhererepresentthe basicelementsof B regardedasa high-level
language.During abstractmodelling,only thosetypesareused.Furthermore,afteranabstractvariableis
de�ned in theabstractmodel,thevariablewill not bere�ned wherein.Abstractdatawill only bere�ned
in theconcretemodelfor implementationpurpose.Actually in otherB softwareprojectswe mayre�ne
someabstractvariableswith otherabstractvariables,but thiswasnotusedfor RoissyWCU-SCS.

4.3 Abstract Model Ar chitecture

Theabstractmodelarchitectureis basedon thefunctionalbreakdown providedby theinformalspeci�ca-
tion documents.TheB moduleswritten at this stageareentirelypartof the �nal B model.If we regard
the�nal modelasanimportationtree(IMPORTS clause),thentheabstractmodelis somehigherpartof
this tree.Theabstractmodelarchitecturelookslike this.

The architectureis a tree of B modules.Two kinds of modulesare used:moduleswith an abstract
machineandan implementationandmoduleswith only an abstractmachine.Moduleswith an abstract
machineandan implementationarecalledsequencingmodules.They areusedto specifysequencingof
treatmentsinsideoperationsimplementation.An implementationimportsmodulesde�ning theoperations
calledby theimplementation.Moduleswith only anabstractmachine,named�nal modules,representthe
leavesof theabstractmodel.They areusedto specifydataandto specifyoperations.
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Fig. 3. AbstractModelArchitecture

In thearchitecture,we recognizethemainfunctionalmodulesfrom theinformalspeci�cations:

Main This is thestartingpoint of theproject.ThemainB module,which is theroot of the import tree,
containsanentryoperationcalledr un_cyclewhichis calledataregularpace,andwhich,asasequencing
operation,callsindirectlyeveryoperationof theB project.

Input This functionalmoduleacquiresinput messagesand�lters them.Retrieving input datais carried
on throughbasicmachines,which have anabstractmachineandhandwrittenADA codeto call low-level
input procedures.Due to basicmachines,the abstractmodelof this functionalmodulediffers slightly
from thecorefunctionalmodules.It will notbedetailedany furtherin thispaper.

Block Logic This functionalmodulecomputes,in asafeway, theoccupationof blocksby trains.

Route Logic This functionalmoduleestablisheselementaryroutes,commandsandcontrolsswitches
positionsonthetracks.It alsocontainsasub-function(commandof routeturnaroundcycles)which is not
classi�edassafetycritical, but which is neverthelessspeci�edin B asit is ahigh level function.

Mode Logic This functionalmodulemanagestrain anti-collision.It computes,commandsandcontrols
selectionandpowersdiscretetrainspeedprograms.

Output This modulegathersinformationcomputedby thepreviousmodulesto preparethecreationof
outputmessagesby basicmachines.
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Context Thereis alsoonthefar left asubpartcalledcontext, speci�c to theB project.Thecontext de�nes
enumeratedanddeferredsets(from theSETSclause),concreteandabstractconstants.All theseconstants
dataaregathered,sincethey arehighly sharedinsidetheB project.

Abstractconstantsareusedto make the�nal programindependentfrom con�gurationdata.Let's con-
sideragain the exampleof the abstractconstantctx_next_block_up that associatesto a block its next
upwardblock. Thevalueof this constantmaydiffer from oneWCU to theother. But thepropertiesde-
scribingtheabstractconstantin thePROPERTIES clauseremainthesamefor all WCU. As theB model
representsthecoreof theWCU software,it remainsthesamefor all WCU. Theconstantvaluesarethus
givenin ADA. They arespeci�c to eachWCU. As theirvaluationis performedoutsidethescopeof theB
process,aspeci�c mechanismhasto beusedto checkthatactualconstantvaluesful�ll theirB properties.

Ar chitecture In the abstractModel architecture,we may have columnsof sequencingmodules(one
sequencingmodule importing anothersequencingmoduleand so on), to re�ect that in speci�cations
a treatmentcalls anothertreatmentand so on. To avoid too many sequencingmodules,we uselocal
operations(see[MRefB02] LOCAL_OPERATIONSclause).

Theabstractmodelimportationtreeis presentedsuchthatB modulesareallowedto see(SEESclause)
othermoduleslocatedon their left. This rule correspondsto a data�o w from the left to theright. Thus,
input dataareseenby theblock logic whoseresultsareseenby theroutelogic andsoon.Context mod-
ulesmay be seenby any othermodule.Applying this rule makesthis architecturevalid asregardsthe
constraintsof theSEESclause(see[MRefB02]).

An abstractmodulewith onlyanabstractmachinecontainsabstractvariables,theirinitializationandop-
erationsthatformalizepseudo-codespeci�cations.As discussedbefore,operationspeci�cationsaredeter-
ministic andfeasible.Hereis anexampleof a substitutioninsideanoperationbodywhereset-theoretical
notationis useful.

occupied_blocks := occupied_blocks[
(ctx_b2b_up [ ctx_b2b_down) � 1[obd][
otd

Actually dueto thesizefactor, anoperationspeci�cationmaybemuchlarger.

Whena functionalmoduleis modelledinto a too large B module,we try to breakit down sincethe
tools aremuchmoreef�cient on treatingmany small modulesthanfew large ones,especiallywhenit
comestoproofandautomaticre�nement.SuchanabstractmodelbreakdownshouldrespectB architecture
rules,especiallythoseconcerningvariablemodi�cations(see[MRefB02]). Sowetry to gatheroperations
modifyingthesameabstractvariablesin thesamemodules.Whenthiscannotbeperformed,themwecan
still replaceavariableby two variablesrepresentingthesameentityatdifferentmomentsof theexecution
cycle.Synchronizationof thetwo variablescanbeachievedby a parentmodule,sinceit hastherightsto
modify bothvariables.

Operationstraceabilityis achieved by placingreferencesto informal speci�cation insidethe quality-
assuranceheaderof operations.This is helpful for inspectionandmaintenance.

4.4 Abstract Model Properties

Themethoddescribedso far, canbesummarizedinto formalizing thesoftwarefunctionalspeci�cation,
elementby element,into a B abstractmodel.Eachelementis moreor lessindependentfrom theothers,
whichmeansthatamodellingerrorin oneparticularelementis unlikely to bediscoveredaftertheelement
hasbeenformalized.
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During thelaststageof theabstractmodelphase,we insertproperties,tying elementstogether, into the
abstractmodelthathasto beprovedby theendof theabstractmodelphase.Thosepropertiesstrengthen
theabstractmodelsincewe have to prove thatthey hold whenall elementsof theabstractmodelareput
together.

Thesepropertiesarepartof thespeci�cationdocuments.They comefrom systemanalysisandthey all
aresafetycritical properties.Soproving that thesoftwarebuilt throughthis processcomplieswith those
safetycritical propertiesis of tremendousimportance.

Abstractmodelpropertiesarewritten insidethehigher-level B module(calledthemainmodule),the
one with the r un_cycle operation.Propertiescould be either static or dynamic.Static propertiesare
propertiesthatcanbeexpressedwith abstractvariables(andof coursewith constants).They arepartof
themainmoduleinvariant.Dynamicpropertiesarepropertiesthat link theold valuesandthenew values
of somevariables,beforeandaftercalling ther un_cycle operation.Soin themainabstractmachine,the
r un_cycle operationis formalizedasa “becomessuchthat” substitutioncontainingdynamicproperties.
Theold valueof anabstractvariablex is expressedby x$0andthenew valueis expressedby x.

At runtime,thesoftwaredevelopedin B is usedby calling at a regularpacether un_cycle operation.
As theB modelshouldbeentirelyproved,thanksto invariantpreservationandre�nementconsistency of
ther un_cycleoperation,wearesurethatstaticanddynamicpropertiesholdateachcall of thisoperation.

As anexample,a propertystatesthata block hasto be regardedasoccupiedwhenits block detector
is occupiedor when a beamsensorlocatedat one of the block bordersis cut. A simpli�ed predicate
formalizingthispropertyis givenbelow.

8block�(block 2 t_block̂
((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 theabstractmodel,thosepropertieshave to behandledthroughsequencing
modulesuntil they propon�nal modules.This topdown approachfor propertiesalongtheabstractmodel
is only usefulfor explanationpurpose.Actually, we useda bottomup approach.Theprocessof formal-
izing a propertyis describedasfollows. After analyzinga propertywe �gure out on which operations
thepropertyis proppedon.Thepropertymaycomedirectly from thepostconditionof one�nal operation
or it may comefrom several operations.Sometimes,a morecomplex reasoninghasto be carriedon to
convinceoneselfthat thepropertyholds.Usually in thosecases,thepropertyis cut into several smaller
properties.

The actualB propertiescomeat �rst from the postconditionof the relevant �nal operations.They
arethenspreadin uppersequencingmodulesfrom thebottomto the top. Theabstractvariablesdealing
with propertiesarerede�nedin theuppersequencingabstractmachinesandpropertiesareinsertedinside
operationspeci�cation.After eachstep,beforespreadingthepropertyto thenext upperlevel, we check
if the lemmasareprovable.In fact,at thebeginningwe do not have a completelyclearideaon how the
propertyshouldbe formalizedin B, so we �rst startwith an initial versionof the propertyandthenwe
�nalize it throughproving. In caseof non-provable lemmawe checkour allegedpropertyagainst the
informal propertyandagainst the calledoperations.Throughthis process,we found errorsin the way
propertieswereexpressedin B but alsoinside�nal operations.Somepropertiesissuedfrom thesoftware
speci�cationdocumentswerealsomademoreprecise.For instance,the propertycould be true only in
nominalmode,whichwasnot initially statedexplicitly in theinformalspeci�cationdocuments.

Thesoftwarespeci�cationdocumentscontain16 propertieswhich hadto beformalizedin theabstract
model.Althoughit seemsto beasmallnumber, somepropertieshadto becut into many actualproperties.
At theend,thesizeof thestaticanddynamicpropertiesin themainabstractmachinewasmorethan1,000
line long.
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5 ConcreteModel

5.1 Principles

TheconcreteModelphaseconsistsin completingtheAbstractModeltogettoacompletelyimplementable
B project.As theoperationsof the�nal modulesof theabstractmodelaredeterministic,we do not need
the speci�cationdocumentsany more.The only input of this phaseis the abstractmodelandthe goal
is to implementit completelythroughre�nementandimportationbreakdown. Whentheconcretemodel
is fully proved, thanksto re�nementproof, thenwe aresurethat the concretemodelcomplieswith the
abstractmodel.

Actually developingtheconcretemodelis justatechnicalphase.Ideally, wecoulduseatool thatwould
translateautomaticallythedeterministicabstractmodelinto ADA codein orderto reducedrasticallythe
developmentcost.However, asabstractmodeldealswith abstractdatatypes(see4.2) sucha tool is not
obviousto implementanddoesnotexist yet.

The concretemodel was originally handwrittenby Siemens(see[Behm99]).The processhasbeen
enhancedsince.As the abstractmodel usesa limited numberof abstractdatatypes(see4.2) and as
terminal modulesuseset-theoreticalsubstitutionsworking with thesesamedatatypes,the re�nement
processis similar for all softwaredevelopedwith this method.So this processhasbeenrationalizedby
developingsemi-automaticre�nementtoolsbasedon theapplicationof re�nementrules.Thesetoolsare
calledEDiTh B andBertille (see[Burd99]).

During the automaticre�nement process,abstractvariablesare either kept throughre�nement (see
[MRefB02] homonymousabstractvariabledatare�nement) or they are re�ned by a concretevariable
with a completegluing invariant.With this precaution,we aresurethatproof re�nementguarantiesthat
theconcretemodelcomplieswith theabstractmodel.Sore�nementtoolsdo not requireto bevalidated,
sincethe processis fully coveredby proof. In otherwords,re�nement tools are just hereto guessthe
re�nement(hopefullyacorrectre�nement),but if theirguessis incorrect,proofwill detectit.

Theactivity of automaticre�nementby applyingre�nementrulesis verysimilarto proving by applying
proving rules.In bothcasesit is usuallyeasierto treata generalcase,thanto treata specialcasesinceit
breaksdown aninitial, andpossiblylargeproblem,stepby stepinto smallerproblemsdescribedby rules
with a limited complexity.

5.2 Semi-automaticRe�nement

Wearenow goingto describethesemi-automaticre�nement.In practice,building theconcretemodelcon-
sistsin re�ning independentlyevery �nal abstractmachineof theabstractmodel.Webuild animportation
(clauseIMPORTS) subtreefor everysuchabstractmachine.

Manual Re�nement Preparation In a�rst stepwepreparemanuallytheautomaticre�nement.Thisstep
aimsto reducethecomplexity of theautomaticre�nementby breakingdown thestartingpoint abstract
machineinto smallerabstractmachinesandby writing intermediatere�nementlevelsto easere�nement
of operations.

To breakabstractmachinem down, wewrite animplementationthatimportsseveralabstractmachines
namedm_a, m_b, m_c,. There�nementof anoperationis madeby calling importedoperationsspeci�ed
asasubpartof theoriginaloperation.Everyabstractvariableof m is redeclaredinsideoneof theimported
abstractmachine.Breakingdown anabstractmachineis not alwayseasysincewe have to complywith
architecturerules,especiallyconcerningabstractvariablesmodi�cation. However it wasalwaysat least
possibleto split anabstractmachineinto anabstractmachinecomputingtheconditions(of SELECTor
IF substitutions)andanabstractmachinecomputingthebodiesof thosesubstitutions,sincea condition
computationonly returnsaBooleanvalueanddoesnot involveglobalvariablemodi�cation.
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Fig.4. ConcreteModelof aTerminalAbstractMachine

This �rst stepis notmandatory, however it waswidely usedin theprojectasweweredealingwith very
largeterminalabstractmachines.

Semi-automaticRe�nement In a secondstepwe useautomatictoolson thelastB componentof every
leaf of the new import tree,which could be eitheran abstractmachineor a re�nement. In this caseit
operateson m_a andm_b. The tool is madeup of two passes.It calls onceEDiTh B andthenit calls
Bertille till theconcretemodelis completed.In theproject,automaticre�nementmayleadto amaximum
of 7 levelsof generatedmodules.

EDiTh B is usedto implementanabstractmachineor a re�nementwith animplementationanda new
sub-abstractmachine(suf�x edwith _1) in whichhighlevelabstractsubstitutions(ANY, SELECT,“becomes
suchthat”,) arereplaceby low-level abstractsubstitutions(IF, CASE)thatcanbehandledby Bertille.

Bertille implementsanabstractmachinethatcontainsonly low-level substitutions,andit mayalsopro-
ducea new sub-abstractmachine(suf�x edwith _2, _3, _4,) andanabstractmachinecontainingiterators
(suf�x ed with _it ). To re�ne abstractvariablesand substitutions,Bertille usesa re�nement rule base.
WhenBertille produceda new abstractmachine,thenit is calledagainon this abstractmachine,until the
concretemodelis completeor until it failsduringre�nement.

Abstractvariablesof anabstractmachineareeitherkeptin thenext sub-abstractmachine(see[MRefB02]
homonymousre�nement)whenthey arestill neededin thesub-abstractmachineor they areimplemented
by usinga variablere�nement rule. All the abstractdatatypesdescribedin 4.2 have a corresponding
variablere�nement.Sovariablere�nementis aneasyandcompleteprocess.

For example,theoccupied_blocks abstractvariable:
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occupied_blocks � t_block

is re�ned by theoccupied_blocks_i concretevariable:

occupied_blocks_i 2 t_block ! BOOL^
occupied_blocks = occupied_blocks_i � 1[f TRUEg]

Substitutionre�nement,however, is morecomplex. As a generalprinciple,substitutionsdealingwith
setscanbere�ned with thehelpof setiterators,asshown in theexamplebelow.

MACHINE m_a_1
op_1 b=

a := bool(S 6= ? )
:::

IMPLEMENT ATION m_a_1_i
op_1 b=

:::
a := FALSE;
WHILE continue = TRUE DO

continue; x  iter ate_t_a;
y  op_1_1(x);
IF y = TRUE THEN

a := TRUE
END
:::

MACHINE m_a_1_it
p_bool; p_elt  iter ate_t_a b=
:::

MACHINE m_a_2
p_y  op_1_1(p_x) b=
PRE

p_x 2 t_a
THEN

p_y := bool(p_x 2 S)
END
:::

We have to implementheretheset-theoreticalsubstitutiona := bool(S 6= ? ) whereS is a subsetof
thedeferredsett_a. Theideais to initialize a to FALSE andthento loop on eachelementy of t_a. If y
belongsto S thenS is not empty, soa is setto TRUE, otherwiseS is theemptysetanda remainsequal
to FALSE.

To do so, we usean abstractmachinecontainingan iteratoron type t_a. This machineis available
asa genericmachineandoffersservicesto performef�ciently a loop on a deferredset.Theknowledge
of this kind of iteratorsis integratedinto Bertille, so that it generatesautomaticallythe loop variantand
thepartof the invariantrelatedto the loop indexes.Bertille automaticallygeneratesthe iteratorabstract
machinein which it instantiatesgenericparameters;in this casethet_a type.Bertille alsogeneratesthe
implementationof theiteratorabstractmachine.
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We alsousea new sub-machinecontainingan operationto test if somevaluex belongsor not to S.
As we cansee,we have now anotherabstractmachineto implement.However, this operationis this time
quiteeasyto implement,sincewe just needto implementtheabstractvariableS with thearrayS_i and
themwecangetthevalueof y from S_i (x).

The re�nementwith thosetools is only semi-automatic,sinceBertille 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 adaptanexisting rule, in Bertille rule base,andthatsolvestheproblem.Them,Bertille
shouldbe rerun.This actionmaybe repeatedseveral times.At theendof theprocess,wheneverything
is re�ned, theconcreteB modulesautomaticallyproducedshouldbetypecheckedandoneshouldcheck
if the lemmasgeneratedareprovable.This is requiredto checkthat thecodeof new rulesis correct.As
proving easilyis alsoa main issue,we shouldalsocheckthat the lemmasmaybeeasilyproved.That is
why new rulesmaysometimesbecompletedby ASSERT substitutions.

5.3 ADA CodeProduced

WhentheB modelis completeandfully proved,it shouldbetranslatedinto ADA. Both theabstractand
concretemodelsaretranslated.Actually theADA codeproducedusestheDigisafeR
 -ADA technology.

Automaticre�nement lowersthecostof a softwaredevelopmentbut whatabouttheef�ciency of the
codegeneratedthis way?Accordingto Siemensstudies,codeproducedthroughautomaticre�nementis
10%slower thanhandwritten code,which is fully acceptable.However automaticre�nementmay lead
to suboptimalalgorithmswhich arenot acceptable.To estimatecodeef�ciency at runtime,a statictool
wasdevelopedby Siemens.It requires,asaninput,thedimensioningof types(for examplethenumberof
blocksof the t_block type)andgivesasanoutputtheestimatedruntimeof every operation.We spotted
a half-dozenexponential-timealgorithmswherelinear-time algorithmscould be usedinstead.This was
dueto theautomaticapplicationof re�nementrules.We correctedthesepointsby writing new dedicated
re�nementrulesapplyingappropriatelinear-timealgorithms.

As a�nal remarkonthegeneratedADA code,it is interestingto notethatwhenamemberof theproject
developmentteamtook a look at someADA codecorrespondingto an automaticre�nement level, this
personwas lost and could hardly make the link with the softwarespeci�cation.Actually, it would be
thesamefor a personwho would comparetheADA codehewrote to thecorrespondingassemblycode
generatedby a compiler. However, proof makesall the differencein our case.Although automatically
generatedB0 codemaylook meaningless,we canstill besurethat it implementscorrectlyits partof the
abstractmodel.

6 Project Statistics

Weshallnow presentandcommentsomeprojectstatistics.

6.1 B Model Size

B Model Lines Rate
Grandtotal 183,987100%
AbstractModelwithout readoperations 28,163 15%
anditerators(324operations)
AbstractModel: readoperationsanditerators 10,503 6%
ManualConcretemodelwithout readoperations27,756 15%
AutomaticConcreteModel 117,565 64%
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ModulesandComponents Number
Numberof B modules 532
Numberof basicmodules 28
Numberof intermediatere�nements 59
Numberof B componants 1,093

Thecoreof theabstractmodelis 28,000line long.This is quitea largenumberthatcanbeexplainedby
thedifferentkindsof sections(normalline sections,garagesections,switchsectionbetweentheline and
thegarage).Thoughthey sharecommonprinciples,they have differentsoftwarespeci�cation,sincethey
have beenspeci�ed at differenttimesby differentpeople.So they make thespeci�cationdocuments,as
well astheabstractmodel,larger. Therestof theabstractmodel(10,000lines)is generatedautomatically
by instantiatingabstractiteratormachinesor readoperations.

Althoughthemanualpartof theconcretemodelis also28,000long, it doesnot costmuchto produce
sinceit is mostlywrittenby applyingsimpletransformationsonacopy of the�nal abstractmachines.

Therestof theconcretemodelis huge(118,000lines)but it is automaticallygeneratedby tools.

6.2 ADA CodeSize

TranslatedADA Code
Linesnumber(withoutemptylinesnorcomments)158,612
Numberof procedures 4,809

Thenumberof ADA codelinesis alsohuge.This is for threereasons:

– The useof DigisafeR
 -ADA: dataand instructiondedicatedto DigisafeR
 -ADA areautomatically
insertedduringtranslation.We canalsopoint out thatDigisafeR
 -ADA forbidscomplex expressions
or conditions,which leadsto anextrauseof local variablesand“becomesequal”substitutions.

– Everypartof theconcretemodelisusuallybrokendown intomany intermediatelevels,whichproduce
a lot of code.

– Codeis notsharedthroughthisprocess.For example,genericelementsshareasimilarcode,however
thecodeis duplicatedateachuse.

Theestimatedsizeof thecompletesoftwarewithoutDigisafeR
 -ADA andwithoutsomany intermedi-
atelevelswouldbe60,000linesof ADA code.

6.3 Proof

Proofof Lemmas Lem.Nb Rate Lem.Nb Rate
Grandtotal 43,610 100%
Force0 38,822 89%
Force1 1,397 3%
Genericdemonstrations(61userpass) 1,950 5%
- basedonpredicateprover 1,272 3%
Totalof automaticdemonstrations 42,169 97%
Interactivedemonstrations(745) 1,441 3%

Numberof interactivedemonstrations/day15
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ProofRules Nb Rate
total 290100%
validatedby thepredicateprover 243 84%
validatedsemi-automatiquely 27 9%
validatedmanually 20 7%

Thenumberof lemmasautomaticallygeneratedis alsohigh(43,000lemmas).Thusperformanceof the
tool concerningproof, andespeciallyconcerningautomaticproof, is a major issuefor the projectcost.
Force0 of theautomaticproverof Atelier B did mostof thejob,sinceit proved89%of all lemmas.Force1
proved3%.Around60genericdemonstrations,mainlybasedonthepredicateprover, provedanother5%.
This makestheautomaticproof rateof 97%.Theremaining3% lemmasweredemonstratedinteractively
with anaveragerateof 15 lemmasby man.day.

Theconcretemodelwaseasierto prove thantheabstractmodel;sinceeverythingwhich is donein the
concretemodel,is brokendown into small stepsrepeatingthesamepatternsoptimizedfor proof. In the
abstractmodel,theproof of safetypropertiesleadsto complex andlong interactive demonstrationsthat
cannotbeeasilyreused.

Thepredicateproverwasalsoveryhelpful for validatingnew proof rules.

6.4 Manpower Breakdown

ManpowerCostRate
Grandtotal 100%
Warmup 5%
Projectmanagement 8%
AbstractModel 55%
- questions/answersanddocumentsanalysis 18%
(267questions,4 questions/day)
- inspections 5%
- proof 16%
ConcreteModel 24%
- proof 11%
Finalization(con�gurationmngt,replay, doc,rulesvalidation) 8%

The cost ratio betweenabstractand concretemodelsis 2/3 for the abstractmodel and 1/3 for the
concretemodel.

Mostof thetimespentonbuilding theabstractmodelwasactuallyspentonanalyzingthespeci�cation
documentsandtracingissuesin thequestion/answerdatabase.

Proofrepresentsahighcostfor abstractmodel(30%)but it is worthwhile,sincethisis thewayto assure
thatthe�nal codeindeedful�lls thesafety-criticalproperties.

The10%of abstractmodeltime spentin detailedinspectionswasalsoof interest,sinceit led to some
correctionsandraisednew questions/answers.

6.5 Speci�cation DocumentsSize

Sizeof inputdocuments(in pages)
WCU SoftwareSpeci�cationDocument(84 functionalmodules) 228
Block Logic SoftwareSpeci�cationDocument(30 functionalalgo) 51
RouteLogic SoftwareSpeci�cationDocument(37 functionalalgo) 80
ModeLogic SoftwareSpeci�cationDocument(50 functionalalgo) 98

Thesizeof themaininputspeci�cationdocumentsgiveselementsto measurethesizeof theproject.
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7 Maintenance

Whenevermodi�cationsor evolutionsareperformedonapieceof softwaredevelopedthroughthemethod
presentedin thisarticle,whataretheconsequenceson thenew softwarerelease?

First,wearesurethatevery releaseis still consistent,aslongasit is againcompletelyproved.

Then,modi�cation cost is limited, if the software structureis not questionedand if the impact on
the previous proof work, especiallythe proof of the abstractmodel properties,is limited becauseall
the developmentenvironmentis set up. In this case,re�nement rules and proof rules are likely to be
ef�ciently reused.However a majormodi�cation of eitherthespeci�cationor thepropertiesmayrequire
to develop and to prove again mostof the software,but sucha situationwould alsooccurwith a non
formaldevelopment.

8 Conclusion

We have presentedin this article,a straightforward process,summarizedbelow, andbasedon reusable
genericelements(readoperationsanditeratorscomponents)andonstateof theart tools,especiallyauto-
maticre�nementtools.

Theprocessis split into two phases,�rst softwaredocumentspeci�cationsareformalizedinto anab-
stractmodelandthentheabstractmodelis implementedinto theconcretemodel.

TheabstractB modelmanipulateshigh-level softwaredata.Thosedatahave a high-level aspect,since
they useabstractdatatypessuchas setsof scalartypes,relations,partial and total functionsfrom an
abstractdatatype into anotherabstractdatatype. However, they alsohave a concretesoftwareaspect
sinceevery abstractdatatype is directly andsystematicallyimplementedby concretedata.This is the
only datare�nementused:anabstractvariablede�nedin theB modelis keptunchangedin lowerimported
modules(it is re�ned by anhomonym abstractvariable)until it is �nally re�ned by its associatedconcrete
variable(s)in theconcretemodel.

Sequencingtreatmentsareformalizedassequencingcalls of operationsin the implementationof se-
quencingmodules.

Corelogical treatmentsareformalizedin operationspeci�cationsby high-level softwaresubstitutions.
They arehigh-level, sincethey useset-theoreticalexpressionsandparallelsubstitutions.However these
substitutionsare deterministicand they can be implementedthroughautomaticre�nement rules.The
re�nement processto generatethe concretemodelstartingfrom the abstractmodel is semi-automatic.
Re�nementrulesimplementstepby stepsucha set-theoreticalsubstitutionby generatingsoftwareloops
goingthrougheveryelementof theset.

All thesecharacteristicsmake theB Methodusedthroughthis process,a high-level programminglan-
guage.However, a key featureof this so-calledlanguagelies in its proof capabilities.Theprocessoffers
thepossibilityof proving thatsomepropertiesareindeedpreservedby eachcall of themainsoftwarepro-
cedure.Obviously, in thecaseof safetycritical softwarethosepropertiesshallbesafetycritical properties.
Theprocessalsoprovesthatthe�nal codecorrectlyimplementsits formalspeci�cation.

Theprocessdescribedhereissuitablefor any industrialdomains,notonly for railwayscommand/control
software.Actually this processdealswith designingproceduralsoftwarebasedon logical treatments,not
basedonrealor �oating-point numbers.It is all themoresuitablethatsoftwarespeci�cationcanbeeasily
formalizedinto set-theoreticalexpressions.

Fromthemanagementpointof view, theprojectwentoff accordingto theinitial schedule,althoughthe
softwareproducedis quitelarge,thanksto astraightforwardprocessandef�cient tools.

Every veri�cation stagethroughouttheprocesswasusefulandled to earlyerrordetection:analysisof
softwaredocumentspeci�cation, type checking,inspections,proof of abstractmodelsafetyproperties,
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re�nementproof of correctimplementation.TheWCU-SCSis currentlybeingintegratedwith therestof
thesoftware.
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