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Abstract

In this reportwe discussthe speci cation,analysisandveri cation of anautomatecark-
ing garagen mCRL2,aprocesslgebrawith data.We view theparkinggarageasasystem
thatwe conceptuallydivide into threelayers:alogical layer, a safetylayerandahardware
abstractionayer. This allows us to abstractfrom implementationdetails (hardware ab-
stractionlayer) andalgorithmdesign(logical layer). Instead we areableto focuson the
speci cationof acommunicatiorinterfacebetweerthesetwo layersthatonly allows safe
systembehaiour. Thisinterfaceconstituteghesafetylayer. For thesafetylayer, weiden-
tify andformulatea numberof requirementsTheseareveri ed andreportedon. We also
discusgheanalysisof thespeci cationof the safetylayerwith a simplecustomvisualiza-
tion tool. Thistool wasimplementedisaplug-into themCRL2toolsetandhelpedusgain
importantinsightsduringthe speci cationandanalysisof the safetylayer.

1 Intr oduction

During the pasttwo decadegrocessalgebrashave becomeincreasinglypopulartools for
describingcomplex systemsthat interactwith their ervironment[5]. Suchsystemsdiffer
from classicbatchprocesseshat receve input, procesghe input, produceoutputandthen
terminate Insteadtheir behaiour is continuouslyin uencedby informationthatthey receve
from their environment. An automatecparkinggarageis a prime exampleof sucha system.
It is in operation24 hoursa day, 7 daysa week: it is continuouslyon standbyreadyto stow
away andretrieve carsfor users.Furthermorethe stateof the garageis constantlychanging
ascarsareaddedandremoved. At ary pointin time, this statein uenceswhich operationsare
possibleandhow they areexecuted.

Processalgebraallows for high-level descriptionsof systemshat interactwith their en-
vironment. A systemis regardedasa numberof interactingprocessethattogetherdescribe
its behaviour. In this way a mathematicamodelis acquiredandthis is usedto prove various
propertiesof the systemusing mathematicaproof techniques.The processalgebrausedin
thisreportis MCRL2[3]. It succeedandextends CRL [4, 5].

With CRL alargenumberof real-world systemshave beenanalysedandveri ed. Some
of thesuccessethat CRL hasbookedincludethe detectionof an unknavn deadlockin the
mostcomplex variantof the sliding window protocol[1, 11], theidenti cation of a number
of errorsin adistributedlifting systemfor trucks[2] andthediscovery of two errorsin aJava
distributed memoryimplementatiof9]. From all theseexperimentswe unfortunatelyhave



hadto formulatethe 100%rule: in 100%o0f the casesonsideredsystemgurn outto contain
moreor lessseriouserrors,which arenot very hardto detect.

An importantcharacteristiof mCRL2andits predecessorCRL is theinclusionof data.
Experiencehasshavn thatin real-world systemsdatais of paramounimportance[6]. In
additionto the executionof actionsi,it is oftenthe casethatdatais storedandcommunicated,
thushaving a signi cant in uence on systembehaiour.

In theremaindenf thisreportwe discusghespeci cationof anautomategbarkinggarage
in MCRL2. We alsodiscussthe analysisand veri cation of the systemandthe techniques
used. In section2 we provide more detailson the challengegresentedy this system. In
section3 we outlinethe approachwe have takento addresgheseissuesandwe explain how
we conceptuallydivide the systeminto threelayers. This allows us to concentrateon one
layer, the safetylayer, which we believe is essentialn verifying thatthe systemis safe. We
follow thisby adiscussiorof MCRL2andthemCRL2toolsetin sectiord. In sections, 6 and
7 we specifythe hardwareabstractionayer, the safetylayerandthelogical layerrespectiely.
We treatthe hardwareabstractiorlayerandthelogical layerterselybut revealmoredetailsof
the safetylayer: we provide a speci cation, formulatea numberof safetyrequirementsand
verify these.In section8 we describea simplevisualizationplug-in for themCRL2toolsetas
well astheinsightswe gainedfrom usingit. Finally, we drav conclusionsn section9.

2 Problemdescription

The parkinggaragethatwe areconcernedvith wascommissionedby developersn Bremen,
Germaly andwasdesignedy the Dutchcompary CVSSAutomatedParking Systemsilt will
be realisedbelow streetlevel in the basemenbf an existing building. Accessto the garage
will beprovidedwith averticallift shaftthathasa doorway at streetievel. To usethefacility,
userswill drive their carthroughthis doorway into thelift. After they have exited from their
carandthelift, their carwill automaticallybeloweredto anintermediatdevel, rotated180
horizontally loweredto the basemenandstoved awvay usinga numberof corveyor beltsand
shuttles Whena userwishesto retrieve a car, this samesystemof corveyor beltsandshuttles
will beusedto bring the carto thelift from whichit will be broughtto streetlevel. Sincethe
carhadbeenrotatedbefore,it will now facethedirectionof the street. The userstepsinto the
caranddrivesaway throughthe doorway.

Thesystenwill provideanumberof securityandsafetychecksduringcheck-inandcheck-
out of acar Thisincludesreadinga transpondecardon the car andcheckinga databasef
registeredusersbeforeopeningthe doorway to the lift. As the caris driveninto thelift, the
userwill beprovidedwith a numberof cuesto ensurethatthecaris positionedappropriately
Therewill alsobe a checkto ensurethatthe handbrak is engaged Beforeloweringthe car
to the basementthe lift will be scannedo ensurethat thereare no living beingspresent.
Whena userwishesto retrieve a car therewill be the necessangecuritychecksto prevent
theft. Furthermoretherewill betrafc lights outsidethe doorway to preventtrafc jamsand
theinstallationwill be providedwith driver motors,positionsensorsglosedcircuit television
camerassmole alarmsandsprinklers.

In subsequerdescriptionsve conscioushabstracfrom detailssuchasdriver motors,po-
sition sensorandsoforth. We alsorestrictourselhesto only theverticallift andthebasement
level parkinggarage We do nottake into accounthe mechanismgutin placefor regulating
traf ¢ outsidethelift, correctlypositioningthe carin thelift, or cuesto enterandleave the
lift. Thisis donein orderto tightly draw the boundsof our scopeandto focuson whatwe
believe arethe essentiaklementghatfacilitatethe safebehaviour of the system.In doing so,
we avoid gettingboggeddown by implementatiorissueshardwareor logistics.
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Figurel: Floorplanof the parkinggaragepbasementevel
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Fromour perspectiethe operationof the systemis initiated every time a caris positioned
appropriatelyin thelift at streetlevel or whena requestfor a caris receved. Physicallywe
view the systemasconsistingof a singlelift anda parkinggarage.Thelift canbein oneof
threevertical positions: streetlevel, rotationlevel or basementevel. At the rotationlevel,
thelift is ableto rotate180 horizontally Thisis providedthatthereareno carspositioned
immediatelyadjacento the lift shaft(on eitherside)at basementevel. The oor of thelift
consistf a corveyor belt. Whenthelift is atthe basemenltevel this corveyor beltis ableto
move sidevays(seethedescriptiorbelaw).

The mostcomplex and mostinterestingpart of the systemis the parkinggarageat base-
mentlevel. Themovementof carsatthis level is facilitatedby a numberof corveyor beltsand
shuttles.Thisis illustratedin the oorplan of thebasemenin gure 1.

Asshownnin the gure, thegarages dividedinto threerows(rl, r2 andr3) andtencolumns
(c1-c10). Corveyor beltsare portrayedby grey rectanglesvith arrows on their endsandare
identi ed by labelssuchasb_rla sh (belowv we elaboratefurther on the namingcorvention
used). The arrows indicatetheir directionof movement. Columnscl andc10 containthree
shuttleseach. In eachof thesecolumnsone shuttlemay betilted on its long endfacingthe
wall. This resultsin an openpositionto which adjacenioweredshuttlesmay be moved. A
tilted shuttlemay alsomaove to a new row positionbehindloweredshuttles(this impliesthat
it is possiblefor two shuttlesto be in the samerow and column position provided that one
is tilted andthe otherlowered). In Figure 1, black arrows indicatethe directionsin which
shuttlescanmove. Similarto thelift, every shuttlealsocontainsacorveyor beltthatcanmove
sidevays.

The lift shaftis in row rl. Notice thatit is not placedover a full position, but rather
intersectsdwo columns(c6 andc7). This artefactis dueto the constructionof the building
in which the garageis to be installed (and hencebeyond the control of the engineersvho
designedhe garage). More importantly this implies thatit mustbe possibleto move cars
half-columndistancesn the rst row. For this reasorevery columnin row rl is alsodivided
into ana (left) andb (right) partasindicatedby thedashedinesin gure 1. We usethis same



corventionin thenamingof thebeltsin the gure. Henceb_rla_shrefersto theconveyor belt
of theshuttleon theleft-handsideof row r1, andsoforth.

It is possibleto move ary subsebf corveyor beltsandary subsef loweredshuttles.It
is alsopossibleto connechneighbouringconveyor beltsto functionasa singlelargercornveyor
belt. For instancegcornveyor beltb_r3a_shcanbeconnectedo b_r3. Furthermorepneshuttle
in c1 andoneshuttlein c10canbetilted. A tilted shuttlecanbe movedindependentlyfrom
theloweredshuttlesin thatcolumn.

The systemhardwarecandeterminewhetherary (half-)positionis free or occupied.For
ary columnin rl, it is possibleto determinethe statusof its a and b part. Note that this
implies that individual carson rl cannotbe identi ed by hardware sensors.Sincewe only
wantto guaranteesafebehaiour, this doesnotimpactour speci cation. It is alsopossibleto
determinewhetherthereis a lowered,a tilted or no shuttleat all in arny row of c1 andc10.
Furthermorethe currentheightof thelift canbe determinedand alsowhetherit is free or
occupied.This makesit possibleto geta snapshobf the systemat arny pointin time during
operation.

Apart from not beinginvolvedin hardwaredesign,it is alsonot our goalto be concerned
with algorithm design. Instead,our goal is to provide specialistsn algorithm designwith
aninterfaceto an abstractiorof the underlyinghardwarethatguaranteethe safeandcorrect
operatiorthereof.This providesa clearseparatiorf concernsThealgorithmsneedto ensure
thatcarsareef ciently stovedaway andretrieved. They mustalsoensurehatthe garagecan
be lled to its maximumcapacityof 29 cars(this leavesone positionfree andallows for the
garagdo operatén afashionsimilarto alargesliding puzzle).Evenif thereareerrorsin such
algorithms the interfaceshouldnot allow the parkinggarageor the carsin it to getdamaged
duringtheir execution.It needdo specifythe necessarghecksandrestrictionghatguarantee
the executionof only safeor legal moves. The safetyinterfacemustalsobe ableto report
onthesucces®r failure of issuedcommandsWe ervision thatproperlydesignedlgorithms
will beableto respondo suchfeedbackn anappropriatdashion.

3 Conceptualsystemdesign

3.1 Architecture

As alreadyalludedto above, our aim is to specify a safetylayer that sits betweeneventual
placemengandretrieval algorithmsandtheabstrachardwareof theautomategbarkinggarage.
This layermustallow only safeor legalinstructionsandreporton their succes®r failure. We
thereforantroduceathree-layerearchitectureonsistingpf alogicallayer(LL), asafetylayer
(SL) andahardwareabstractiodayer(HAL) (see gure 2). With this conceptuatlivisioninto
layers thesafetylayerensureshe safeoperatiorof the systemindependentlypf the particular
algorithmsthatareimplementedandwithout beingconcernedvith hardwareimplementation
issues.

3.2 Data
Thefollowing dataarecommunicatedetweerthe layers:

Event this datatyperepresentgventsthatareoutsidethe scopeof our design but that
do have animpacton the system We identify the following events:

— add.car: anew carhasenteredhelift.
— remavecar; acarhasbeenremovedfrom thelift.



Figure2: Conceptuallythe systemconsistof threelayers

InstructionSetthis datatype representsetsof instructionshatareto be executedcon-
currentlyby the HAL. It consistof anumberof elementf type Instruction

Instruction this datatype representshe singleinstructionsthat the hardware should
execute.They shouldbeimplementedy theHAL (seesection5). Thereare5 different
instructions:

— movebelts(bs:BeltSetd: Direction,ms: MoveSize)thisinstructionspeci esthat
the setof beltsbsshouldbe movedin directiond with a distanceof sizems(half
or full).

— movesshuttles(shsShuttleSetp: ShuttleOrientationd: Direction) this instruc-
tion speci esthatthe setof shuttlesshsin orientationo (loweredor tilted) should
be movedin directiond with a distanceof onerow interval. The indication of
orientationo is neededor disambiguationsinceit is possiblefor botha lowered
andtilted shuttleto bein the sameposition.

— tilt_shuttle(p: Shuttle®sition, o: ShuttleOrientatior) this instructionspeci es
thatthe shuttlein positionp andorientationo shouldbe loweredor tilted to the
orientationthatis the oppositeof o.

— movelift(h: Height) this instructionspeci esa new vertical positionh to move
thelift to.

— rotatelift: thisinstructionspeci esthatthelift shouldberotatedoy 180 horizon-
tally.

Result this datatype indicateswhetheran instructionhasbeenexecutedsuccessfully
(ok) or whetherit hasfailed (fail).

GlobalState this datatypere ects the currentsystemstate. Thatis, for every position
whetherit is free or occupied(FloorStatg, for every shuttlewhetherit is loweredor
tilted (ShuttleStatg andfor thelift its currentvertical positionandwhetherit is free or
occupied(LiftState.



A precisespeci cationof all datatypescanbefoundin appendixB.

3.3 Actions

To facilitate communicatiorbetweerthe differentlayersin our conceptuatlesign,we intro-
ducethefollowing actions(alsosee gure 2):

occur(e: Event) this action signi es the occurrenceof an evente. Whenthe HAL

detects, the SL is informedby the actionoccur(e) In turn,the SL informstheLL by
issuinganidenticaloccur(e)action. Notethatfor the sake of modularityof the design,
theLL is notdirectlyinformedby the HAL.

req(is: InstructionSet) this actionallows the LL to requestthe executionof a setof
instructionsis. This requestis propagatedo the HAL via the SL. The notion of a
setof instructionsallows for the executionof multiple instructionsthat apply to non-
overlappingareasof the basementfor instancejt is possiblewith a singlerequesto
issuedifferentinstructionsfor moving corveyor beltsaslong asthebeltsin questiondo
notoverlap).

adcreq(is: InstructionSet) whenthe LL requestghe executionof a setof instructions
is, andthesearedeemedsafeby the SL, the SL issuesanadk_req(is)action.

denyreq(is: InstructionSet)in the casethatthe SL deemsarequestor a setof instruc-
tionsis from the LL asunsafeit repliesby issuinga denyreq(is) action. Whenthis
happensno furtherrequestaremadeto the HAL by theSL.

ack_exec(is: InstructionSetr: Result) uponcompletionof a setof instructionsis with
resultr, the HAL issuesanadk exec(is,r) actionto the SL. In turn, the SL issuesthis
actiontothelLL.

regstate this actionis usedto requesthe currentglobal statefrom the HAL via the
SL.

adc_state(gs:GlobalState) this actionis usedto communicatehe currentglobal state
from theHAL to higherlayers.Thisis donein responséo areq.stateaction.

A precisedescriptionof the mostrelevantactionsandtheir usecanbefoundin appendixC.1.

4 mCRL2

In following sectionsve provide moredetailsof theactualspeci cationof thesystenin terms
of the layeredarchitecturantroducedabove. Beforewe proceedwe introducethe mCRL2
speci cationlanguageandthe accompaging mCRL2toolset.

The mCRL2 languageis a successoto CRL. The mostimportantimprovementson

CRL is thatthe languagées compositionalthatis large systemscanbe speci ed in terms
of smallercomponents.It also hasa more advanceddataspeci cation languagewhich is
higherorderandprovidesconcretedatatypes.

Below we only introducethe languagefeaturesthat are usedfor the speci cation of the
safetylayer. ThedataandprocesdanguagesretreatedseparatelyA rich text formatis used
asopposedo plaintext in theappendicesTo overcomehedifferencedetweerthesdformats,
atranslationtableis providedin appendixA. In the plaintext formatfoundin theappendices,
the %-symbolindicateshe beginning of acommenthatextendsto theendof theline.



4.1 Datalanguage

The mCRL2 datalanguageis in a functionallanguagebasedon higherorder abstract data
types[7, 8]. Types,constructorsfunctionsandtheir de nitions canbe declaredFor instance,
the following declareghetype A with constructors; d, functionsf ; g andthe de nitions of

f;o:

sort A;

cons c;d: A;

map f :Al Al A;
g:A!l A

var X;y:A;

egn f(c;x)=¢
f(d;x) = x;
g=f(o);

In the equationsyariablescanbe usedand patternmatding on the constructorof the data
typeis cateredNotethatfunctiontypesare rst-classcitizens:functionsmayreturnfunctions.
Typerefeencesanbedeclaredfor instancan

sort B = A;

B is asynorymfor A. With thisit is possibleto de ne recursve types(seebelow).
Furthermorewhele clausescanbeusedasanabbreviation mechanismfor example:

map h: Al Al A;
var X;y:A;
egn h(x;y) = f(z;9(z)) whr z= g(x;y) end;

As mentionedhbore,mCRL2alsohasconcretedatatypes.Theseconsistof standad data
typesand operationsaswell astypeconstructos. For the former, we have thefollowing:

Booleans(B) with constantdrue, falseandoperators. , ~, ,) . For all typesthe
equality operator==, inequality6 andconditionalif areprovided. So for instance
the expressionc == c is equalto true, c == d to falseandif (true;c;d) to c. Also,
expression®f type B maybe usedasconditionsin equationsfor instance:

var X;y:A;
egn x==y ! f(xy)=x

Unboundedositive, naturalandintegernumberqP; N andZ) with relationaloperators

<, ,>, ,unaryneggation andbinaryarithmeticoperatorst, , ,div, mod.

Thereare two type constructorspf which the rst oneis a structued type This is a
compactwvay of de ning atypetogethemwith constructomndprojectionfunctions.A sortMS
of machinestatescanbedeclaredoy:

sort MS = struct o jstandbyj starting j running j broken;



Thesortof binarytreeswith numbersastheir leaveslookslik e this:
sort T = struct leaf (value: N) j node(left : T;right : T);

Thisdeclaregype T with constructordeaf : N! T andnode: T T ! T andprojection
functionsvalue : T ! N andleft;right : T ! T. Functionson T canbe de ned using
patternmatchingon the constructordeaf andnode.

Finally, thereis a list type constructor Thefollowing declaresa list containingelements
of typeA;

sort AL = List (A)
This list hasconstructord] : AL and. : A AL ! AL. Also operators/ , +, head,

expression®f typeAL areall equivalent:[c;d;d],c. [d;d],[c;d]/ dand[]+[c;d]+[d].

4.2 Procesdanguage

Themostbasicnotionin themCRL2 procesdanguages anaction. Actionsrepresenatomic
events.They canbedeclaredn thefollowing way:

act a;b;
c:B;
d:B P;

Thisdeclaresactionsa; b;c andd. Here,a andb areparameterlesactionsc is anactionwith
a dataparametenof type B, andd hastwo parameter®f type B andP respectiely. For the
above declarationga, c(1) andd(6; tr ue) arevalid actions.

Procesxpression@recompositionof actionsusinga numberof operators:
Deadlockor inaction , which doesnot displayary behaiour.

Alternative compositionwrittenasp+ g. Thisexpressiomon-deterministicallghooses
to executeprocesexpressiorp or q.

Sequentiatompositionwrittenp q. This expressionrst executes followedby qg.

Conditional,writtenasb ! p;q, wherebis a dataexpressionof type B. The process
expressiorbehaesasanif-then-elseconstruct.Thatis, if bis true thenp is executed,
elseq is executed. The elsepartis optional,thatisb ! p is a valid expressionthat
behaesasb! p; .

P
Summationover datatypes. The sumoperator ., F(d), with F a mappingfrom
datatype D with constructordy;:::;dy, n 0, to processexpressionshehaesas
F(do) + :::+ F(dyn).

Procesgeferenceswritten as X (d1;:::;dp), with n 0. Thesearereferencego
variablesdeclaredby procesequationsthatareintroducecdnext.



Figure3: Typical speci cation,analysisandveri cation cycle usingmCRL2

Using processexpressionsve canform processequations Take for instancethe following
declarationpsingthe actiondeclaratiorabove:

proc X(x:B;y:P)=(a+ b X(X;y)
+c(X) X(:x;p+t1l)
+p>1! b d(x;p) X(false;p 1);

This declaregprocessvariableX with two dataparametersf type B andP. For dataterms
t : Bandu : P, X (t; u) behaesasthe right-handside of the equationin which x andy are
replacedby t andu. ProceswariableX is often calleda processandparameters andu are
calledthestateof X .

A processpeci cationneeddo beinitialised. For example:

init X (true;1);

ThisinitialisesprocessX with (true; 1) asits initial state.

4.3 mCRL2 toolset

Speci cation,analysisandveri cation of systemavith mCRL2is alsosupportedy atoolset.
Someof thesetools, andhow they t into the speci cation, analysisand veri cation cycle
areillustratedin gure 3. Oncethe speci cationactivity starts,simulatortoolsallow the user
to simulatepartsof the resultingstatespace. Essentiallythis tool allows the userto follow
labelledtransitionsfrom one systemstateto another At ary particulartime the simulator
providesthe userwith an overview of the currentsystemstateand also provides a listing
of all possibletransitionsfrom that state(see gure 4). After a transitionis selectedthe
tool updateghe systemstateaccordingly and providesan overview of the new stateandall
transitionspossiblefrom it.

Onceusersare satis ed with the speci cation, the instantiatortool generateshe corre-
spondingstatespace By thisstagerequirementshouldhave beenformalisedandarechecled
againsionthe statespaceto determinewhetherary statesxist thatviolatethese.

5 Hardware abstraction layer (HAL)

We assumehattheHAL senesasacoherentnterfaceto all individual hardwarecomponents
in the garage(driver motorsand so forth). The HAL recevesrequestdor setsof instruc-
tionsfrom the SL (actionreq). For eachsetof instructionsthe HAL attemptso executethe
individual instructionsandreportsbackon theresultof the attempt(actionadk_exeq.



Figure4: Simulator

In orderfor the speci cationof the SL to yield the intendedresults,instructionsmustbe
implementectorrectlyby the HAL. For instancethe following mustoccurat hardwarelevel
whentheinstructionmove belts(bsd, ms)is receved: connectll thecorveyor beltsspeci ed
in bs engagehe appropriatadriver motorsandmove the beltsby a distancecorrespondingo
msin the directionindicatedby d. To ensurethatthe distancemoved correspond$o msthe
appropriatepositionsensorseedto be utilised.

Apart from executinginstructionsthe HAL alsoprovidesthe SL with accesgo a global
shapshobf the currentsystemstatebeforeandafterissuingary instructions.Sucha system
stateis constructedby theHAL usingsensorshatmonitorthe stateof every (half-)positionof
thebelts,every shuttleandthelift.

6 Safetylayer (SL)

For the safetylayer we identify the safetyrequirementanddesigna speci cationfor which
theseshouldbe satis ed. After thatwe verify thatthisis indeedthecase.

6.1 Requirements
The safetyrequirement®f the safetylayermaybe summarisedsfollows:

1. Corveyor belts:

(a) If acaris movedbetweerbelts,bothbeltsshouldmovein the samedirection.
(b) Carsshouldnotbeableto moveinto walls.
(c) Carsshouldnotbeableto moveto abeltthatis notavailable(thatis a shuttlethat
is tilted, or thelift belt notbeingin its lowestposition).
2. Shuttles:

(&) Whenmoving shuttlesa shuttleshouldnot be ableto moveinto thewall.
(b) Whenmaoving shuttles pthershuttlesmaynot bedamaged.
(c) Whenmoving shuttlescarsmaynotbedamaged.
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(d) Whentilting a shuttle,carsmaynotbedamaged.
(e) Whentilting a shuttle,othershuttlesmaynotbedamaged.

3. Lift:

(&) Whenmoving thelift, carsmaynotbedamaged.
(b) Whenrotatingthelift, carsmaynotbedamaged.

6.2 Specication

In orderto verify thatthe SL allows only saferequestso be propagatedo the HAL, we have
speci edits behaiour in mMCRL2. This speci cationis providedin appendixB andC.1. The
following shouldbe noted:

We did not take the messag@assingof the systemstateor the eventsinto accountas
this doesnotimpactsafety

We assumehatthereis at mostonesetof instructionsin the system.Thisis notareal
restriction,asit seemsnaturalthat communicatiorbetweenthe layersis muchfaster
thanthe actualexecutionof instructions.

The informal requirementsntroducedabove arerelevant to the InstructionSedatatype
(seesectiorb). In ourspeci cationof theSL we useanallowedfunctiononsetsof instructions
to determinewhethera setof instructionss safe.A setof instructionsis is allowedif:

1. is speci esatleastoneinstruction.

2. Theinstructionsn is do notoverlap, thatis the areason which theinstructionsoperate
arepairwisedisjoint suchthatit is safeto executetheinstructionsn is simultaneously

3. Eachinstructionin is is allowed.

For the last condition, we also needan allowed function on individual instructions,which
formsthe coreof thede nition.

Theinstructionmove_belts(bs:BeltSetd: Direction,ms: MoveSizejs allowedif:
1. bsspeci esatleastonecorveyor belt.

2. All corveyor beltsin bsdirectly bordereachother(this alsoimpliesthatthey mustbe
in the samerow).

3. All corveyor beltsin bsareavailable(in particular this appliesto beltson thelift and
onshuttles).

4. At leastonepositionof sizemsmustbefree atthe endof the setof beltsspeci ed, this
free positionshouldbe on the sideindicatedby d.

5. Inthecasehatthespeci edbeltsarein row rl, theremustbeno carsuspendetialf-way
betweerthetwo outerbeltsof bsandtheir neighboursif ary.

Theinstructionmove_shuttles(shsShuttleSetp: ShuttleOrientationg: Direction)is allowed
if:

1. shsspeci esatleastoneshulttle.
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2. All shuttlesin shsbordereachother(thisimpliesthatthey areall in columncl or c10).

3. All speci ed shuttlesmustbe availablein the orientationspeci ed by o (loweredor
tilted).

4. Thereis anopenpositionat the endof shsin orientationo anddirectiond, this ensures
thatthereis anopenpositionfor the shuttlesto moveto.

5. For every loweredrl shuttles in shs theremustbe no carthatis suspendetetweers
andits borderingcorveyor belt.

Theinstructiontilt_shuttle(p:Shuttle®sition,o: ShuttleOrientation)s allowedif:

1. It is notthe casethatthereis bothaloweredandatilted shuttlein the positionspeci ed
by p.

2. If ois lowered,thereis no carontheshuttle(fully or partially).
Theinstructionmovelift(h: Height)is allowedif:
1. Thetargetheightspeci ed by h is notthe currentheight.

2. If the currentheightis basementevel, theremustbe no carssuspendethalf-way be-
tweenthelift andcorveyor beltson eithersideof thelift.

Theinstructionrotatelift is allowedif:
1. Thecurrentheightof thelift is rotationlevel.

2. Threehalf-positionson bothsidesof thelift arefree (thisto keepcarsin thesepositions
from beingdamagedy therotationmechanism).

A formal speci cationof the allowedfunctioncanbefoundin appendixB.

6.3 Simulation

Becauseof the enormousamountof possibleinstructionsetsthat can be requestedand ex-
ecuted,it is impossibleto do any simulation, let aloneveri cation, on the speci cationin
appendixC.1. For this reasorwe applythefollowing reduction:

Reduction1 Abstractfrom setsof instructionsby focusingon singleinstructionsonly.

The correspondingpeci cationcanbefoundin appendixC.2. Onthe onehandthis abstrac-
tion is dangeroushecauseetsof instructionsareanessentiapartof thesystem.Ontheother
hand thecoresafetyissueliesin theallowedfunctionon singleinstructions Furthermorethe
numberof possiblesystencon gurationsremainghe same sincetheresultof executinga set
of instructionsconcurrentlyis the sameasexecutingthemsequentially This impliesthatin
thecorrespondingtatespacahenumberof statesemainsx ed,but thenumberof transitions
arereducedsubstantially

Although the former reductionmakesit possibleto perform simulation, it is not very
effective. For this reasonyve abstracfrom non-essentiahessages:

Reduction2 Abtract from requestsand acknavledgements.Instead,it is assumedhatin-
structionsareexecutedsuccessfullyby the HAL.

Thecorrespondingpeci cationcanbefoundin appendixC.3. Whensimulating,only allowed
instructionscanbe executed.
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Figure5: Reductionof the oorplan

6.4 Veri cation

We want to verify the requirementsy exploring the statespace. However, the statespace
correspondingo speci cationafterapplyingthereductionabove consistof 6;4 10 (640
billion) states,anda multiple of this in transitions. This is prohibitively large. Hence,we
applyonelastabstraction:

Reduction3 The numberof positionsof the beltsare reducedo the minimum thatretains
the behavioural characteristic®f the original con guration. This entailsthe following. The
positionson the conveyor beltsb_r2 andb_r3 arereducedo two positionseach(see gure 5).
Also, beltsb_rla andb_r1b arereducedo to 1% full positions(or 3 half positions)each.

The correspondingpeci cationcanbefoundin appendixD.1. Its statespacenas3;3  10°
(3; 3million) statesand9;8 107 (98 million) transitionswhichis manageable.

Theapproacthwe take in verifying therequirementsleviatesallittle from thetypical cycle
of gure 3 onpage9. Namely we extendthe speci cationwith error actionsthatare only
enabledvhena requirements violated. Hence the requirementsreful lled whenthe state
spacedoesnot containary erroractions.

The speci cation extendedwith error actionscanbe foundin appendixD.2. In this ap-
pendixa translationfrom the high-level requirement®f section6.1to a lower level of detalil
canalsobe found. Extracarehasbeentakento specifythe enablingconditionsof the error
actions. Namely the use of elementsof the de nition of the allowed function needsto be
avoidedasmuchaspossible sincemistalesin the original speci cationcould carry over to
theveri cation.

Keepingthis obsenationin mind, we have extendedthe speci cationand generatedhe
statespace. This statespacedoesnot containary error actions,which meansthat all the
requirementsireful lled.

7 Logical layer (LL)

As mentionedbefore theLL utilisesthe SL by requestinghatsetsof instructionsbeexecuted.
In turn, the SL reportsbackto the LL in the form of adk_req, denyreqor adk_execactions.
It alsoinformstheLL of eventsthat have occurred(a new carto stov away or the removal

of anexisting car). This allows for the developmentof algorithmsby expertswho canplug

their speci cationsinto the SL. Thesealgorithmsmay containerrorsthattriggerthe request
of unsafeinstructions.Dueto the safetylayer, suchinstructionsare harmlesgbut shouldbe

avoided),sincethey will beblocked.

13



Figure6: Visualizationplug-in

8 Visualization

Duringthe speci cationwe oftenresortedo simulatingthe behaiour of the systemusingthe
MCRL2toolset(seesection4.3). The simulatortool is a greataid during speci cationsince
it allows usto quickly andincrementallycheckwhetherour speci cationdoesindeedresult
in the behaiiour that we had anticipated. This is opposedo generatingand examining an
entiretransitionsystemwhich is quite an expensve undertaking(dueto the phenomenorof
statespaceexplosionand effort neededor formulatingand checkingformal requirements).
However, during speci cationwe soonrealisedthatinterpretingthe text-basedoutputof the
simulatoris time consumingnot entirelyintuitive andproneto humanerror (especiallyasthe
amountof informationthatis storedin statesncreases).

In orderto addresghe above problemand inspiredby other visualizationinitiativesto
aid in systemanalysig10, 12], we implementeda very simplevisualizationtool asa plug-in
to the simulator The visualizationtool getsthe currentsystemstatefrom the simulatorand
mapsthe informationonto a simple2D oorplan of the parkinggarage(see gure 6). This
visualizationusesvisual cuesto indicatethe verticallift positionandwhethera speci ¢ posi-
tion is occupied(red), free (green)or unavailable(gray). Tilted shuttlesarealsovisualised.
Insteadof interpretingthetext-basedepresentationf the currentsystemstate afterselecting
a new transition,the visualizationis updatedandthe useris ableto analysethe systemwith
thisrepresentation.

We believe thatthis modeof analysissavedagreatamountof time. Dueto thefactthatwe
couldfollow carsasthey weretransportediown thelift andmovedto new positionsusingthe
corveyor beltsand shuttleswe wereableto constructpotentiallydangerouscenarios.This
allowedusto identify andcorrecta numberof problemsearlyon. Thesencludedmistaleson
our partaswell asunknavn compleities aboutthe parkinggaragesetupin general Although
all requirementsanbechecledduringtheformal veri cation stagethisrestsontheassump-
tion thatall relevantquestionshave beenidenti ed andformalised.By visualizingthecurrent
stateit is alsopossibleto identify additionalissueghatmay not have beennoted. Moreover,
hadsoftwaresimply beendesignecandimplementedor the garagewithout a detailedanaly-
sis, we believe that suchissuescould have easilycreptinto theimplementatiorof the garage
despiteconsiderablg@recautioron the partof the designersUnfortunatelywe know of aless
carefullydesignedyaragevhereboth carsandvital equipmenhave beendamaged.

While using our visualizationtool in designingthe systemwe discosereda numberof
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Figure7: Mistakesidenti ed with thevisualizationplug-in

problemsrelatedto the fact that carsmay be moved in half positionsin row rl1. First, we
moveda cartowardthe sidesof the garageandpositionedt with onehalf on a corveyor belt
andonehalf on a shuttle. To our surprise,it waspossibleto subsequentlynove the shuttle,
literally tearingthe carin half (see gure 7a)! This rst bug we discoreredwasrelatively
easyto x. A similar problemoccurredwhentwo carswere positionedside-by-sideon the
lift, eachwith onehalf on a borderingcorveyor belt. In this case despiteour bestefforts of
explicitly checkingfor suchasituation,it waspossibleto move thelift up,tearingtwo carsin
half (see gure 7b). Thisturnedoutto bea harderproblemto solve.

We found the representatiof our visualizationtool to be intuitively clearand easyto
follow. In this casewere are fortunatethat thereexists suchan intuitive mappingto a vi-
sualrepresentation.This is often not the case. For instance for communicatiorprotocols,
thereis no“natural” visualrepresentatiorequiringresearcher® comeup with moreabstract
solutions.

9 Conclusions

In this reportwe have analysedan automatedgarkinggarage.We proposecd systemdesign
consistingof threelayers:alogical layer, a safetylayeranda hardwareabstractiorayer. We
have givenaformal speci cationof thesafetylayerandafterapplyinganumberof reductions
we wereableto verify the safetyrequirementgor this speci cation. This meanghatin every
valid con guration of the systemno damagecanbe doneby executingunsafeinstructions.
We stronglyrecommendisingthe speci cation of datatypesandprocessesliscussedn
thisreportasa startingpointfor theimplementatiorof softwareto operateheparkinggarage
(appendice® andC.1). This holdsespeciallyfor the conceptuathree-layemarchitectureand
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thede nitions of the allowedfunction.
We believe that our work compriseghe essencef the systemdesignregardingsafety
However, thefollowing requiresfurtherinvestigatiorbeforestartingon theimplementation:

In appendixC.1 a speci cation of the systemis givenin termsof setsof instructions.
Althoughwe believe thatthespeci cationis correctfor thesesetsandalthoughwe have
simulatedon somekey problemareagegardingsetswe have notbeenableto verify the
safety This meanghatextra careshouldbetakenin theimplementatiorof theallowed
functionon setsof instructionsn appendixB.

We do not distinguishbetweenthe occurrenceof a recoverable andan unrecoverable
hardwarefailure. All failuresaretreatedasrecoverable.Furthermoreexecutionof aset
of instructionsonly givesoneresultwhich holdsfor all instructions.For moredetailed
error handling,the executionof individual instructionsshouldalsoreturnresults. That
is, afterthe executionof a setof instructions,someelementamay returnok while the
othersmay returnfail.

In practise the eventsadd car andremawe.car arenot atomic. They needto be split
up in a begin andanendpart. In orderto guaranteesafety it shouldbeimpossibleto
executea movelift instructionbetweerthe begin andendpartof anevent.

Althoughwe have notinvestigatedheef ciency of theautomategbarkinggaragewe fore-
seea performancechallengein termsof the timely stonving away and recovery of carsin
practise. However, we have taken careto ensurethat the division into threelayersdoesnot
degeneratgerformanceln particulay the notion of the concurrentexecutionof instructions
addressethisissue.

With regardto the generakystendesign,veri cation andanalysiscycle (see gure 3), we
wantto stressthat simulationshouldnot be underestimatedAll defectsin the speci cation
werefound usingsimulation. Also, simulationallowed usto identify andaddressnteresting
behaioural characteristicshat would probablynot have beenincludedin the requirements
otherwise.In this way we wereableto gaininsightinto the systemin away thatgoesfurther
thansimply listing andverifying requirementssStill, veri cation remainsnecessary

Finally, we wantto point out the dangerof usingthe samedatatypesfor both simulation
andveri cation. This is dueto the possibility of errorsin the datatype speci cation. The
approachwe took to circumwentthis is to usedifferentfunctionsfor the veri cation of the
mostcrucialfunctionsandsafetyrequirements.
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Appendix A: Table of mMCRL2 symbols

In the speci cationof appendicebelow, a plaintext formatis usedasopposedo therich text
formatof section4. To make thetranslationfrom rich text symbolsto plain text symbols the
following tableis provided:

Symbol Rich Plain
Booleans B Bool
positve numbers P Pos
naturalnumbers N Nat
integers z Int
arrov ! ->
inequality 6 1=
logical negation : !
conjunction A &&
disjunction _ I
implication ) =>
smallerthanor equal <=
greatetthanor equal >=
list cons . |>
list snoc / <|
list concatenation B ++
sum sum

Tablel: Translationof MCRL2symbols
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Appendix B: Data type speci®cation

All processpeci cationsusethesamedatatypespeci cation. For thisreasonwe only list the
generapartonce.This speci cationis structuredasfollows. Firstall datatypesaredeclared.
After that,functionsfor eachdatatype aredeclaredandgroupedogether

sort
FloorRow = struct rl | r2 | r3;
FloorCol = struct c¢1 | c2 | ¢c3 | ¢4 | ¢5 | ¢6 | ¢c7 | c8 | c9 | c10;
FloorPosPart = struct pa | pb;
FloorPos = struct  pos_r1(FloorCol, FloorPosPart)
| pos_r2(FloorCol)
| pos_r3(FloorCol);
FloorPosList = List(FloorPos);
ShuttlePos = struct rla | r2a | r3a | rlb | r2b | r3b;
ShuttlePosSet = List(ShuttlePos); % representing a set of ShuttlePos elements
ShuttleOrientation = struct lowered | tilted;
R1Belt = struct b_rla_sh | b_rla | b_rilift | b_rib | b_rib_sh;
R2Belt = struct b_r2a_sh | b_r2 | b_r2b_sh;
R3Belt = struct b_r3a_sh | b_r3 | b_r3b_sh;
R1BeltSet = List(R1Belt); % representing a set of R1Belt elements
R2BeltSet = List(R2Belt); % representing a set of R2Belt elements
R3BeltSet = List(R3Belt); % representing a set of R3Belt elements
DirCol = struct col_inc | col_dec;
DirRow = struct row_inc | row_dec;
MoveSize = struct  full | half;
LiftHeight = struct street | rotate | basement;
Area =
struct  area(positions: FloorPosList, tilted_c1: Bool, tilted_c10: Bool);
Instruction = struct  move_belts(R1BeltSet, DirCol, MoveSize)
| move_belts(R2BeltSet, DirCol,  MoveSize)
| move_belts(R3BeltSet, DirCol,  MoveSize)
| move_shuttles(ShuttlePosSet, ShuttleOrientation, DirRow)
| tilt_shuttle(ShuttlePos, ShuttleOrientation)
| move_lift(LiftHeight)
rotate_lift;
InstructionSet = List(Instruction); % representing a set of instructions
Event = struct add _car | remove_car;
ExecResult = struct ok | falil
OccState = struct free | occupied;
AvailState = struct avail | n_avail;
FloorState = FloorPos -> OccState;
ShuttleState = ShuttlePos # ShuttleOrientation -> AvailState;
LiftState = struct  Isf_street | Iso_street
| Isf_rotate | Iso_rotate
| Is_basement;
GlobalState =
struct  glob_state(fs: FloorState, shs:  ShuttleState, Is:  LiftState);

% FloorRow operations

map
index:  FloorRow -> Pos;
% index(fra) is the index of fra
It:  FloorRow # FloorRow -> Bool;
% lt(fra,frb) indicates if fra is less than frb
var
fra, frb: FloorRow;
eqn
index(rl) =1;
index(r2) = 2;
index(r3) = 3;
It(fra, frb) = index(fra) < index(frb);
% FloorCol  operations
map
index:  FloorCol -> Pos;
% index(fca) is the index of fca
It: FloorCol # FloorCol -> Bool;
% lt(fca,fcb) indicates if fca is less than fcb
var

fca, fcb: FloorCol;
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eqgn

index(c1) =1
index(c2) = 2;
index(c3) = 3;
index(c4) = 4;
index(c5) = 5;
index(c6) = 6;
index(c7) =7,
index(c8) = 8;
index(c9) =9
index(c10) = 10;
It(fca, fcb) = index(fca) < index(fcb);
% FloorPosPart operations
map
index:  FloorPosPart -> Pos;
% index(ffpa) is the index of fppa
It:  FloorPosPart # FloorPosPart -> Bool;
% lt(fppa,fppb) indicates if fppa is less than fppb
var
fppa, fppb: FloorPosPart;
eqn
index(pa) =1,
index(pb) = 2;
It(fppa, fppb) = index(fppa) < index(fppb);
% FloorPos  operations
map
row: FloorPos -> FloorRow;
% row(fpa) is the row of fpa
col:  FloorPos -> FloorCol;
% col(fpa) is the column of fpa
part: FloorPos -> FloorPosPart;
% part(fpa) is the part of fpa
It  FloorPos # FloorPos -> Bool;
% lt(fpa, fpb) indicates if fpa is less than fpb
Itr: FloorPos # FloorPos -> Bool;
% It_r(fpa, fpb) indicates if fpa is less than fpb, provided
% row(fpa) = row(fpb) (auxiliary function needed by It for efficiency)
It_rc: FloorPos # FloorPos -> Bool;
% It_rc(fpa, fpb) indicates if fpa is less than fpb, provided
% row(fpa) = row(fpb) and col(fpa) = col(fpb)
% (auxiliary function needed by It_r for efficiency)
gt:  FloorPos # FloorPos -> Bool;
% gt(fpa, fpb) indicates if fpa is greater than fpb
var
fca: FloorCol;
fppa:  FloorPosPart;
fpa, fpb: FloorPos;
eqn
row(pos_ri(fca, fppa)) = ri;
row(pos_r2(fca)) = r2;
row(pos_r3(fca)) = 13;
col(pos_ri(fca, fppa)) = fca;
col(pos_r2(fca)) = fca;
col(pos_r3(fca)) = fca;
part(pos_ri(fca, fppa)) = fppa;
row(fpa) == row(fpb) ->
It(fpa, fpb) = It_r(fpa, fpb);
row(fpa) != row(fpb) ->
It(fpa, fpb) = lt(row(fpa), row(fpb));
col(fpa) == col(fpb) ->
It_r(fpa, fpb) = It_rc(fpa, fpb);
col(fpa) 1= col(fpb) ->
It_r(fpa, fpb) = lt(col(fpa), col(fpb));
It_rc(fpa, fpb) = row(fpa) == r1 && lt(part(fpa), part(fpb));
gt(fpa,fpb) = lt(fpb, fpa);
% FloorPosList operations
map
contains: FloorPos # FloorPosList -> Bool;
% contains(fpa, fps) indicates if fps contains fpa
overlap: FloorPosList # FloorPosList -> Bool;

% overlap(fps,

fpt)  indicates if the elements of fps and fpt overlap
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rev: FloorPosList -> FloorPosList;
% rev(fps) is the reverse of list fps
grev: FloorPosList # FloorPosList -> FloorPosList;
% grev(fps, fpt) is the reverse of fps concatenated  with fpt
% (auxiliary function needed for efficiency by rev)
var
fpa, fpb: FloorPos;
fps, fpt:  FloorPosList;
eqn
contains(fpa, ) = false;
contains(fpa, fpa |> fps) = true;
fpa = fpb -> contains(fpa, fpb |> fps) = contains(fpa, fps);
overlap([], fpt) = false;
overlap(fpa |> fps, fpt) = contains(fpa, fpt) || overlap(fps, fpt);
rev(fps) = grev(fps, m;
grev(ll, fpt) = fpt;
grev(fpa |> fps, fpt) = grev(fps, fpa |> fpt);
% ShuttlePos  operations
map
index:  ShuttlePos  -> Pos;
% index(spa) is the index of spa
row: ShuttlePos -> FloorRow;
% row(spa) is the row of spa
col:  ShuttlePos -> FloorCol;
% col(spa) is the column of spa
It ShuttlePos  # ShuttlePos  -> Bool;
% lt(spa, spb) indicates if spa is less than spb
gt:  ShuttlePos # ShuttlePos -> Bool;
% gt(spa, spb) indicates if spa is greater than spb
positions: ShuttlePos ~ -> FloorPosList;
% positions(spa) represents  the floor  positions corresponding to spa in
% lowered  position
has_neighbour: ShuttlePos ~ # DirRow -> Bool;
% has_neighbour(spa, dr) indicates if spa has a successor in direction dr
neighbour: ShuttlePos ~ # DirRow -> ShuttlePos;
% neighbour(spa, dr) is the neighbour of spa in directrion dr, provided it
% exists
connected: ShuttlePos # ShuttlePos -> Bool;
% connected(spa, spb) indicates if the bottom of spa is connected to the top
% of spb
var
spa, spb: ShuttlePos;
eqn
index(rla) =1
index(r2a) = 2
index(r3a) =3
index(rlb) = 4
index(r2b) = 5
index(r3b) = 6;
row(rla) = rl;
row(r2za) = r2;
row(r3a) = r3;
row(rlb) = rl;
row(r2b) = r2;
row(rab) = r3;
col(rla) = cl;
col(r2a) = cl;
col(r3a) = cl;
col(rlb) = c10;
col(r2b) = c10;
col(r3b) = ¢10;
It(spa, spb) = index(spa) < index(spb);
gt(spa, spb) = index(spa) > index(spb);
positions(rla) = positions(b_rla_sh);
positions(r2a) = positions(b_r2a_sh);
positions(r3a) = positions(b_r3a_sh);
positions(rlb) = positions(b_r1b_sh);
positions(r2b) = positions(b_r2b_sh);
positions(r3b) = positions(b_r3b_sh);

has_neighbour(spa,
has_neighbour(spa,
neighbour(rla,
neighbour(r2a,

row_inc) =
row_dec) =
row_inc) = r2a;
row_inc) = r3a;

row(spa) =
row(spa) =

r3;
rl;
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neighbour(rlb, row_inc) = r2b;
neighbour(r2b, row_inc) = r3b;
neighbour(r2a, row_dec) = rla;
neighbour(r3a, row_dec) = r2a;
neighbour(r2b, row_dec) = rilb;
neighbour(r3b, row_dec) = r2b;
connected(spa, spb) =
succ(index(spa)) == index(spb) &&
col(spa) == col(spb);
% ShuttlePosSet operations
map
is_set_sps: ShuttlePosSet -> Bool;
% is_set_sps(sps) indicates if sps is a set
% In the remainder of the data equation section, for every ShuttlePosSet
% is_set_sps(sps) is a precondition.
contains: ShuttlePos  # ShuttlePosSet -> Bool;
% contains(spa, sps) indicates if sps contains  spa
shuttles: FloorCol -> ShuttlePosSet;
% shuttles(fc) represents the shuttle positions corresponding to fc
positions_sps: ShuttlePosSet -> FloorPosList;
% positions_sps(sps) represents  the floor  positions corresponding to sps
connected_sps: ShuttlePosSet -> Bool;
% connected_sps(sps) indicates if all elements of sps are connected
has_neighbour: ShuttlePosSet # DirRow -> Bool;
% has_neighbour(sps, dr) indicates is sps has a neighbour in direction dr
neighbour_sps: ShuttlePosSet # DirRow -> ShuttlePos;
% neighbour_sps(sps, dr) is the neighbour of sps in direction dr, provided
% exists
add_neighbour: ShuttlePosSet # DirRow -> ShuttlePosSet;
% add_neighbour(sps, dr) represents the sps extended with its neighbour in
% direction dr, provided it exists
var
spa, spb: ShuttlePos;
sps:  ShuttlePosSet;
fc:  FloorCol;
eqn
is_set_sps([l) = true;
is_set_sps(spa > ) = true;
is_set_sps(spa |> spb |> sps) =
It(spa, spb) && is_set_sps(spb |> sps);
contains(spa, 0 = false;
contains(spa, spa |> sps) = true;
spa != spb -> contains(spa, spb |> sps) = contains(spa, sps);
shuttles(fc) = if(fc == cl, [rla,r2a,r3a], if(fc == c10, [rlb,r2b,r3b], m;
positions_sps([]) = [
positions_sps(spa |> sps) = positions(spa) ++ positions_sps(sps);
connected_sps([]) = true;
connected_sps([spal) = true;
connected_sps(spa |> spb |> sps) =
connected(spa, spb) && connected_sps(spb |> sps);
has_neighbour(sps, row_inc) = has_neighbour(rhead(sps), row_inc);
has_neighbour(sps, row_dec) = has_neighbour(head(sps), row_dec);
neighbour_sps(sps, row_inc) = neighbour(rhead(sps), row_inc);
neighbour_sps(sps, row_dec) = neighbour(head(sps), row_dec);
add_neighbour(sps, row_inc) = sps <| neighbour_sps(sps, row_inc);
add_neighbour(sps, row_dec) = neighbour_sps(sps, row_dec) |> sps;
% ShuttleOrientation operations
map
index:  ShuttleOrientation -> Pos;
% index(soa) is the index of soa
It: ShuttleOrientation # ShuttleOrientation -> Bool;
% lt(soa, sob) indicates if soa is less than sob
gt:  ShuttleOrientation # ShuttleOrientation -> Bool;
% gt(soa, sob) indicates if soa is greater than sob
not:  ShuttleOrientation -> ShuttleOrientation;
% not(soa)  indicates the opposite of soa
var
soa, sob: ShuttleOrientation;
eqn
index(lowered) =1
index(tilted) = 2;
lt(soa, sob) = index(soa) < index(sob);
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gt(soa, sob) = index(soa) > index(sob);
not(lowered) = tilted;
not(tilted) = lowered;
% Belt operations
map
index: R1Belt -> Pos;
index: R2Belt -> Pos;
index: R3Belt -> Pos;
% index(ba) is the index of belt ba
row: R1Belt -> FloorRow;
row: R2Belt -> FloorRow;
row: R3Belt -> FloorRow;
% row(ba) is the row of belt ba
It: R1Belt # R1Belt -> Bool;
It:  R2Belt # R2Belt -> Bool;
It:  R3Belt # R3Belt -> Bool;
% lt(ba, bb) indicates if belt ba is less than belt bb
positions: R1Belt -> FloorPosList;
positions: R2Belt -> FloorPosList;
positions: R3Belt -> FloorPosList;
% positions(ba) represents  the positions corresponding to belt
connected: R1Belt # R1Belt -> Bool;
connected: R2Belt # R2Belt -> Bool;
connected: R3Belt # R3Belt -> Bool;
% connected(ba, bb) indicates if the right of ba is connected
% of bb
available: R1Belt # ShuttleState # LiftState -> Bool;
available: R2Belt # ShuttleState # LiftState -> Bool;
available: R3Belt # ShuttleState # LiftState -> Bool;
% available(ba, shs, Is) indicates if belt ba is available for
% and Is
var
rlba, rlbb: RI1Belt;
r2ba, r2bb: R2Belt;
r3ba, r3bb: R3Belt;
fs:  FloorState;
shs: ShuttleState;
Is: LiftState;
ms: MoveSize;
eqn
index(b_rla_sh) =1
index(b_rla) = 2;
index(b_r1lift) =3
index(b_r1b) = 4
index(b_r1b_sh) = 5;
index(b_r2a_sh) =1;
index(b_r2) = 2;
index(b_r2b_sh) = 3;
index(b_r3a_sh) =1;
index(b_r3) = 2;
index(b_r3b_sh) = 3;
row(rlba) =rl;
row(r2ba) = r2;
row(r3ba) =13,
lt(r1ba, ribb) = index(rlba) < index(rlbb);
It(r2ba, r2bb) = index(r2ba) < index(r2bb);
It(r3ba, r3bb) = index(r3ba) < index(r3bb);
positions(b_rla_sh) = [pos_ri(c1, pa), pos_rl(cl, pb)];
positions(b_rla) = [pos_r1(c2, pa), pos_rl(c2, pb),
pos_r1(c3, pa), pos_rl(c3, pb),
pos_rl(c4, pa), pos_ri(c4, pb),
pos_r1(c5, pa), pos_ri(c5, pb),
pos_ril(c6, pa)l;
positions(b_r1lift) = [pos_r1(c6, pb), pos_rl(c7, pa)l;
positions(b_r1b) = [pos_r1(c7, pb),
pos_r1(c8, pa), pos_ri(c8, pb),
pos_r1(c9, pa), pos_ri(c9, pb)l;
positions(b_r1b_sh) [pos_ri(c10, pa), pos_ri(cl0, pb)];

positions(b_r2a_sh)

positions(b_r2)

[pos_r2(c1)];
[pos_r2(c2),
pos_r2(c3),
pos_r2(c4),
pos_r2(c5),
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positions(b_r2b_sh)
positions(b_r3a_sh)
positions(b_r3)

positions(b_r3b_sh)

pos_r2(c6),
pos_r2(c7),
pos_r2(c8),
pos_r2(c9)l;
[pos_r2(c10)];
[pos_r3(c1)];
[pos_r3(c2),
pos_r3(c3),
pos_r3(c4),
pos_r3(c5),
pos_r3(c6),
pos_r3(c7),
pos_r3(c8),
pos_r3(c9)l;
= [pos_r3(c10)];

available(b_rla_sh, shs, Is) = shs(rla, lowered) == avalil;
available(b_r1la, shs, Is) = true;
available(b_r1ilift, shs, Is) =Is == Is_basement;
available(b_r1b, shs, Is) = true;
available(b_r1b_sh, shs, Is) = shs(rlb, lowered) == avail;
available(b_r2a_sh, shs, Is) = shs(r2a, lowered) == avail;
available(b_r2, shs, Is) = true;
available(b_r2b_sh, shs, Is) = shs(r2b, lowered) == avalil;
available(b_r3a_sh, shs, Is) = shs(r3a, lowered) == avalil;
available(b_r3, shs, Is) = true;
available(b_r3b_sh, shs, Is) = shs(r3b, lowered) == avail;
% BeltSet  operations
map
is_set_b_r1: R1BeltSet -> Bool;
is_set_b_r2: R2BeltSet -> Bool;
is_set_b_r3: R3BeltSet -> Bool;
% is_set_b_rX(bs) indicates if bs is a set
% In the remainder of this data equations section each belt set bs has
% is_set_b_rX(bs) as a precondition.
contains: R1Belt # R1BeltSet -> Bool;
contains: R2Belt # R2BeltSet -> Bool;
contains: R3Belt # R3BeltSet -> Bool;
% contains(ba, bs) indicates if ba is an element of bs
positions_b_r1: R1BeltSet -> FloorPosList;
positions_b_r2: R2BeltSet -> FloorPosList;
positions_b_r3: R3BeltSet -> FloorPosList;
% positions_b_rX(bs) represents the floor  positions corresponding to the
% belts in bs
connected_b_r1: R1BeltSet -> Bool;
connected_b_r2: R2BeltSet -> Bool;
connected_b_r3: R3BeltSet -> Bool;
% connected(bs) indicates if the belts in bs are connected
available_b_r1: R1BeltSet # ShuttleState # LiftState -> Bool;
available_b_r2: R2BeltSet # ShuttleState # LiftState -> Bool;
available_b_r3: R3BeltSet # ShuttleState # LiftState -> Bool;
% available_b_rX(bs, shs, Is) indicates if all belts in bs are available for
% states shs and Is
var
rlba, rlbb: R1Belt;
r2ba, r2bb: R2Belt;
r3ba, r3bb: R3Belt;
rlbs: RI1BeltSet;
r2bs: R2BeltSet;
r3bs: R3BeltSet;
fs:  FloorState;
shs: ShuttleState;
Is: LiftState;
eqn
is_set_b_r1([]) = true;
is_set_b_ri(rlba > = true;
is_set_b_ri(rlba |> rlbb |> rlbs) =
It(rlba, rlbb) && is_set_b_ri(rlbb |> rilbs);
is_set_b_r2([)) = true;
is_set_b_r2(r2ba > = true;
is_set_b_r2(r2ba |> r2bb |> r2bs) =
It(r2ba, r2bb) && is_set_b_r2(r2bb |> r2bs);
is_set_b_r3([) = true;
is_set_b_r3(r3ba > = true;
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is_set_b_r3(r3ba |> r3bb |> r3bs) =
It(r3ba, r3bb) && is_set_b_r3(r3bb |> r3bs);
contains(rlba, ) = false;
contains(rlba, rlba |> rlbs) = true;
rlba != rlbb -> contains(rlba, rlbb |> rlbs) = contains(rlba, ribs);
contains(r2ba, ) = false;
contains(r2ba, r2ba |> r2bs) = true;
r2ba = r2bb -> contains(r2ba, r2bb |> r2bs) = contains(r2ba, r2bs);
contains(r3ba, ) = false;
contains(r3ba, r3ba |> r3bs) = true;
r3ba != r3bb -> contains(r3ba, r3bb |> r3bs) = contains(r3ba, r3bs);
positions_b_r1([]) =
positions_b_r1(rlba |> rlbs) = positions(rlba) ++ positions_b_r1(rlbs);
positions_b_r2([]) =1
positions_b_r2(r2ba |> r2bs) = positions(r2ba) ++ positions_b_r2(r2bs);
positions_b_r3([]) =
positions_b_r3(r3ba |> r3bs) = positions(r3ba) ++ positions_b_r3(r3bs);
connected_b_r1([]) = true;
connected_b_ri(rlba > = true;
connected_b_ri(rlba |> rlbb |> rlbs) =
connected(rlba, rlbb) && connected_b_ri(ribb > rlbs);
connected_b_r2([]) = true;
connected_b_r2(r2ba > ) = true;
connected_b_r2(r2ba |> r2bb |> r2bs) =
connected(r2ba, r2bb) && connected_b_r2(r2bb > r2bs);
connected_b_r3([]) = true;
connected_b_r3(r3ba > [) = true;
connected_b_r3(r3ba |> r3bb |> r3bs) =
connected(r3ba, r3bb) && connected_b_r3(r3bb |> r3bs);
connected(rlba, rlbb) = succ(index(rlba)) == index(rlbb);
connected(r2ba, r2bb) = succ(index(r2ba)) == index(r2bb);
connected(r3ba, r3bb) = succ(index(r3ba)) == index(r3bb);
available_b_r1([], shs, Is) = true;
available_b_r1(rlba |> rlbs, shs, Is) =
available(rlba, shs, Is) && available_b_rl(rlbs, shs, Is);
available_b_r2([], shs, Is) = true;
available_b_r2(r2ba |> r2bs, shs, Is) =
available(r2ba, shs, Is) && available_b_r2(r2bs, shs, Is);
available_b_r3([], shs, Is) = true;
available_b_r3(r3ba |> r3bs, shs, Is) =
available(r3ba, shs, Is) && available_b_r3(r3bs, shs, Is);
% Area operations
map
overlap: Area # Area -> Bool;
% area(a, b) indicates if area a and b overlap
var
fps, fpt: FloorPosList;
tcla, tclb, tcl0a, tclOb: Bool;
eqn
overlap(area(fps, tcla, tclb), area(fpt, tcl0a, tclOb)) =
overlap(fps, fpt) || (tcla && tclb) || (tcl0a && tclOb);
% Instruction operations
map
index:  Instruction -> Pos;
% index(i) is the index of instruction i
It: Instruction # Instruction -> Bool;
% It(i, j) indicates if i is less than j
valid: Instruction -> Bool;
% valid(i) indicates if instruction i is valid
area: Instruction -> Area;
% area(i) represents the area on which instruction i has any effect
overlap: Instruction # Instruction -> Bool;
% overlap(i, j) indicates if instruction i and j overlap
var
rlbs: RI1BeltSet;
r2bs: R2BeltSet;
r3bs: R3BeltSet;
dc: DirCol;
ms: MoveSize;
sp: ShuttlePos;
sps:  ShuttlePosSet;
so: ShuttleOrientation;
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dr:  DirRow;
Ih:  LiftHeight;
iLj: Instruction;
eqn
index(move_belts(rlbs, dc, ms)) = 1;
index(move_belts(r2bs, dc, ms)) = 2;
index(move_belts(r3bs, dc, ms)) = 3;
index(move_shuttles(sps, so, dr) = 4
index(tilt_shuttle(sp, s0)) = 5;
index(move_lift(Ih)) = 6;
index(rotate_lift) =17
It(i, j) = index(i) < index(j);
valid(move_belts(rlbs, dc, ms)) = is_set b ri(rlbs);
valid(move_belts(r2bs, dc, ms)) = is_set_b_r2(r2bs);
valid(move_belts(r3bs, dc, ms)) = is_set_b_r3(r3bs);
valid(move_shuttles(sps, so, dr)) = is_set_sps(sps);
valid(tilt_shuttle(sp, s0)) = true;
valid(move_lift(Ih)) = true;
valid(rotate_lift) = true;
area(move_belts(rlbs, dc, ms)) = area(positions_b_ri(rlbs), false, false);
area(move_belts(r2bs, dc, ms)) = area(positions_b_r2(r2bs), false, false);
area(move_belts(r3bs, dc, ms)) = area(positions_b_r3(r3bs), false, false);
area(move_shuttles(sps, lowered, dr)) =
area(positions_sps(add_neighbour(sps, dr)), false, false);
area(move_shuttles(sps, tilted, dr)) =
area([], col(head(sps)) == cl, col(head(sps)) == cl10);
area(tilt_shuttle(sp, s0)) =
area(positions(sp), col(sp) == c1, col(sp) == cl0);
area(move_lift(Ih)) = area(positions(b_r1lift), false, false);
area(rotate_lift) = area(positions_b_r1([b_rla, b_r1lift, b_r1b]), false,
overlap(i, j) = overlap(area(i), area()));
% InstructionSet operations
map
is_set_is: InstructionSet -> Bool;
% is_set_is(is) indicates if is is a set
% In the remainder of the data equation section, for every InstructionSet
% is_set_is(is) is a precondition.
valid: InstructionSet -> Bool;
% valid(is) indicates if the instructions in is are valid
overlap: Instruction # InstructionSet -> Bool;
% overlap(i, is) indicates if instruction i overlaps with any of the
% instructions in is
var
iLj: Instruction;
is:  InstructionSet;
eqn
is_set_is([]) = true;
is_set_is(i I> ) = true;
is_set_is(i > > is) = I, ) && is_set_is(j |> is);
valid([]) = true;
valid(i |> is) = valid(j) && valid(is);
overlap(i, ) = false;
overlap(i, j > is) = overlap(i, j) |l overlap(, is);
% AvailState operations
map
not: AvailState -> AvailState;
% not(asa)  indicates the opposite of asa
eqn
not(avail) = n_avalil;
not(n_avail) = avall;
% FloorState operations
map
init_fs: FloorState;
% init_fs is the initial floor  state
update: FloorPos # OccState # FloorState -> FloorState;
cond_upd: FloorPos # OccState # FloorState -> FloorState;
ins_upd:  FloorPos # OccState # FloorState -> FloorState;
% update(fpa, osa, fsa) represents fsa, where position fpa has value osa;
% cond_upd and ins_upd are auxiliary functions with the same meaning that
% are needed for efficiency
ins_upd_fps: FloorPosList # OccState # FloorState -> FloorState;
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% ins_upd_fps(fps, osa, fsa) represents fsa, where positions fps have value
% osa

free:  FloorPosList # FloorState -> Bool;

% free(fps, fsa) indicates that all positions in fps are free for state fsa
occupied: FloorPosList # FloorState -> Bool;

% occupied(fps, fsa) indicates that all positions in fps are occupied for

% state  fsa

end_free: FloorPosList # DirCol # Bool # FloorState -> Bool;

% end_free(fps, dc, obl, fsa) indicates if the end of the list fps in

% direction dc is free for state fsa; if obl then the one but last element
% also needs to be free

even_occ: FloorPosList # FloorState -> Bool;

% even_occ(fps, fsa) indicates if the number of occupied positions in fps for
% state fsa is even

no_half_car: ShuttlePos  # FloorState -> Bool;

% no_half_car(spa, fsa) indicates if there is a half car positioned on spa
% for state fsa

no_half_car_sps: ShuttlePosSet # FloorState -> Bool;

% no_half_car(sps, fsa) indicates if there is a half car positioned on any
% of the elements of sps for state fsa

shift_inc: FloorPosList # FloorState -> FloorState;

% shift_inc(fps, fsa) represents fsa, where the states of the positions in

% fps are shifted one position to the right; the first element in fps
% gets state free

gshift_inc: FloorPosList # FloorState # OccState -> FloorState;

% gshift_inc(fps, fsa, osa) has the same meaning as shift_inc(fps, fsa),  with
% the exception that the first element in fps gets state osa

% (auxiliary function needed by shift_inc)

shift_dec: FloorPosList # FloorState -> FloorState;

% shift_dec(fps, fsa) represents fsa, where the states of the positions in

% fps are shifted one position to the left; the last element in fps gets
% state  free

shift_inc_ctw: Bool # FloorPosList # FloorState -> FloorState;

% shift_inc_ctw(ctw, fps, fsa) represents fsa where the states of the

% positions in fps are shifted one position to the right;

% if ctw then two positions are shifted

shift_dec_ctw: Bool # FloorPosList # FloorState -> FloorState;

% shift_dec_ctw(ctw, fps, fsa) represents fsa where the states of the

% positions in fps are shifted one position to the left;

% if ctw then two positions are shifted

shift_inc_sps: ShuttlePosSet # FloorState -> FloorState;

% shift_inc(sps, fsa) represents fsa, where the states of the shuttles in

% sps are shifted one position downwards; the first element in sps

% gets state free

shift_dec_sps: ShuttlePosSet # FloorState -> FloorState;

% shift_dec(sps, fsa) represents fsa, where the states of the shuttles in
% sps are shifted one position upwards; the last element in sps gets state
% free
var

b: Bool;

fsa, fsh: FloorState;

fpa, fpb: FloorPos;

osa, osb: OccState;

fps:  FloorPosList;

spa: ShuttlePos;

sps:  ShuttlePosSet;

eqn
init_fs(fpa) = free;
fpa == fpb  -> update(fpa, osa, fsa)(fpb) = 0sa;
fpa = fpb  -> update(fpa, osa, fsa)(fpb) = fsa(fpb);
cond_upd(fpa, osa, fsa) =
if(fsa(fpa) == osa, fsa, update(fpa, osa, fsa));
ins_upd(fpa, osa, init_fs) = cond_upd(fpa, osa, init_fs);

It(fpa,fpb) ->
ins_upd(fpa, osa, update(fpb, osh, fsa))
cond_upd(fpa, osa, update(fpb, osh, fsa));
gt(fpa,fpb) ->
ins_upd(fpa, osa, update(fpb, osh, fsa)) =
update(fpb, osb, ins_upd(fpa, osa, fsa));
fpa == fpb >
ins_upd(fpa, osa, update(fpb, osh, fsa))
cond_upd(fpa, osa, fsa);
ins_upd_fps([], osa, fsa) = fsa;
ins_upd_fps(fpa |> fps, osa, fsa) =
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ins_upd(fpa, osa, ins_upd_fps(fps, osa, fsa));
free((], fsa) = true;
free(fpa |> fps, fsa) = fsa(fpa) == free && free(fps, fsa);
occupied(fpa |> fps, fsa) = fsa(fpa) == occupied && occupied(fps, fsa);
occupied([], fsa) = true;
end_free(fps, col_inc, false, fsa) =
fsa(head(rev(fps))) == free;
end_free(fps, col_inc, true, fsa) =
fsa(head(l)) == free && fsa(head(tail(l))) == free
whr | = rev(fps) end;
end_free(fps, col_dec, false, fsa) =
fsa(head(fps)) == free;
end_free(fps, col_dec, true, fsa) =
fsa(head(fps)) == free && fsa(head(tail(fps))) == free;
even_occ([], fsa) = true;
fsa(fpa) == free ->
even_occ(fpa |> fps, fsa) = even_occ(fps, fsa);
fsa(fpa) == occupied ->
even_occ(fpa |> fps, fsa) = leven_occ(fps, fsa);
row(spa) = r1 ->
no_half_car(spa, fsa) = true;
row(spa) == r1 ->
no_half_car(spa, fsa) = even_occ(positions(spa), fsa);
no_half_car_sps([], fsa) = true;
no_half_car_sps(spa |> sps, fsa) =
no_half_car(spa, fsa) && no_half_car_sps(sps, fsa);
shift_inc(fps, fsa) = gshift_inc(fps, fsa, free);
gshift_inc([l, fsa, osa) = fsa;
gshift_inc([fpa], fsa, o0sa) = ins_upd(fpa, osa, fsa);
gshift_inc(fpa |> fps, fsa, o0sa) =
ins_upd(fpa, osa, gshift_inc(fps, fsa, fsa(fpa)));
shift_dec([], fsa) = fsa;
shift_dec([fpa], fsa) = ins_upd(fpa, free, fsa);
shift_dec(fpa |> fpb |> fps, fsa) =
ins_upd(fpa, fsa(fpb), shift_dec(fpb |> fps, fsa));
shift_inc_ctw(false, fps, fsa) =
shift_inc(fps, fsa);
shift_inc_ctw(true, fps, fsa) =
shift_inc(fps, shift_inc(fps, fsa));
shift_dec_ctw(false, fps, fsa) =
shift_dec(fps, fsa);
shift_dec_ctw(true, fps, fsa) =
shift_dec(fps, shift_dec(fps, fsa));
shift_inc_sps([], fsa) = fsa;
row(spa) == r1 ->
shift_inc_sps(spa |> sps, fsa) =
ins_upd_fps(positions(spa), free,
shift_inc(positions_sps(spa |> sps), fsa));
row(spa) = r1 ->
shift_inc_sps(spa |> sps, fsa) = shift_inc(positions_sps(spa |> sps), fsa);
shift_dec_sps([], fsa) = fsa;
row(spa) == rl ->
shift_dec_sps(spa |> sps, fsa) =
ins_upd_fps(positions(spa), fsa(head(positions(head(sps)))),
shift_dec(positions_sps(spa |> sps), fsa));
row(spa) != r1 ->
shift_dec_sps(spa |> sps, fsa) = shift_dec(positions_sps(spa |> sps), fsa);
% ShuttleState operations
map
init_shs: ShuttleState;
% initial shuttle state
update:  ShuttlePos  # ShuttleOrientation # AvailState # ShuttleState ->
ShuttleState;
cond_upd: ShuttlePos  # ShuttleOrientation # AvailState # ShuttleState
ShuttleState;
ins_upd:  ShuttlePos  # ShuttleOrientation # AvailState # ShuttleState ->
ShuttleState;
% update(spa, soa, asa, fsa) represents fsa, where position fpa in
% orientation soa has value asa; cond_upd and ins_upd are auxiliary functions
% with the same meaning that are needed for efficiency
available: ShuttlePos # ShuttleOrientation # ShuttleState -> Bool;
% available(spa, soa, shs) indicates if shuttle spa is available in
% orientation soa for state shs
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available_sps: ShuttlePosSet # ShuttleOrientation # ShuttleState -> Bool;

% available(sps, soa, shs) indicates if all shuttles in sps are available in
% orientation soa for state shs
shift_inc: ShuttlePosSet # ShuttleOrientation # ShuttleState -> ShuttleState;
% shift_inc(sps, soa, shs) represents shs, where the states of the shuttles
% in sps are shifted one shuttle downwards in orientation soa; the first
% element in sps gets state unavailable
gshift_inc: ShuttlePosSet # ShuttleOrientation # ShuttleState # AvailState
-> ShuttleState;

% gshift_inc(sps, soa, shs, asa) has the same meaning as shift_inc(sps, soa,
% shs), with the exception that the first element in sps gets state asa
% (auxiliary function needed by shift_inc)
shift_dec: ShuttlePosSet # ShuttleOrientation # ShuttleState -> ShuttleState;
% shift_dec(sps, soa, shs) represents shs, where the states of the shuttles
% in sps are shifted one shuttle upwards in orientation soa; the last
% element in sps gets state unavailable

var
b: Bool;

shs, shsa: ShuttleState;
spa, spb: ShuttlePos;

sps:  ShuttlePosSet;

soa, sob: ShuttleOrientation;
asa, asb: AvailState;

eqn
init_shs(spa, lowered) = if(row(spa) 1= r3, avall, n_avail);
init_shs(spa, tilted) = if(row(spa) 1= r3, n_avail, avail);
spa == spb && soa == sob ->
update(spa, soa, asa, shs)(spb, sob) = asa;
spa != spb || soa != sob ->

update(spa, soa, asa, shs)(spb, sob) = shs(spb, sob);
cond_upd(spa, soa, asa, shs) =

if(shs(spa, soa) == asa, shs, update(spa, soa, asa, shs));
ins_upd(spa, soa, asa, init_shs) =
cond_upd(spa, soa, asa, init_shs);
lt(spa,spb) I (spa == spb && lt(soa, sob)) ->
ins_upd(spa, soa, asa, update(spb, sob, asb, shs)) =
cond_upd(spa, soa, asa, update(spb, sob, asb, shs));
gt(spa,spb) I (spa == spb && gt(soa, sob)) ->
ins_upd(spa, soa, asa, update(spb, sob, asb, shs)) =
update(spb, sob, asb, ins_upd(spa, soa, asa, shs));
spa == spb && soa == sob ->
ins_upd(spa, soa, asa, update(spb, sob, asb, shs)) =
cond_upd(spa, soa, asa, shs);
available(spa, soa, shs) = shs(spa, soa) == avail;
available_sps([], soa, shs) = true;
available_sps(spa |> sps, soa, shs) =
available(spa, soa, shs) && available_sps(sps, soa, shs);
shift_inc(sps, soa, shs) = gshift_inc(sps, soa, shs, n_avail);
gshift_inc([l, soa, shs, asa) = shs;
gshift_inc([spa], soa, shs, asa) =
ins_upd(spa, soa, asa, shs);
gshift_inc(spa |> sps, soa, shs, asa) =
ins_upd(spa, soa, asa, gshift_inc(sps, soa, shs, shs(spa, s0a)));
shift_dec([], soa, shs) = shs;
shift_dec([spa], soa, shs) = ins_upd(spa, soa, n_avalil, shs);
shift_dec(spa |> spb |> sps, soa, shs) =
ins_upd(spa, soa, shs(spb, soa), shift_dec(spb |> sps, soa, shs));
% LiftState operations

map
height: LiftState ->  LiftHeight;
% height(ls) represents the height of state Is
occupied: LiftState # FloorState -> Bool;

% occupied(ls, fs) indicates if the lift is occupieed for states Is and fs
make_ls:  LiftHeight # OccState -> LiftState;
% make_ls(lh, os) represents  the lift state  corresponding to height |h and
% occupied state o0s

var
b: Bool;

fsa:  FloorState;
osa: OccState;
eqn
height(Isf_street)
height(lso_street)

street;
street;
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height(Isf_rotate) = rotate;
height(Iso_rotate) = rotate;
height(ls_basement) = basement;
occupied(Isf_street, fsa) = false;
occupied(Iso_street, fsa) = true;
occupied(Isf_rotate, fsa) = false;
occupied(lso_rotate, fsa) = true;
occupied(ls_basement, fsa) = occupied(positions(b_r1lift), fsa);
make_lIs(street, occupied) = Iso_street;
make_lIs(street, free) = Isf_street;
make_lIs(rotate, occupied) = Iso_rotate;
make_lIs(rotate, free) = Isf_rotate;
make_lIs(basement, osa) = Is_basement;
% GlobalState operations
map
init_gs: GlobalState;
% init_gs is the initial global state
allowed: Instruction # GlobalState -> Bool;
% allowed(i, gs) indicates if instruction i is allowed given global state gs
nextstate: Instruction # ExecResult # GlobalState -> GlobalState;
% nextstate(i, r, gs) represents the global state after execution  of
% instruction i with result r in state gs
allowed: InstructionSet # GlobalState -> Bool;
% allowed(is, gs) indicates if instruction set is is allowed given global
% state  gs
nextstate: InstructionSet # ExecResult # GlobalState -> GlobalState;
% nextstate(is, r, gs) represents the global state after execution of
% instruction set is with result r in state gs
possible: Event # GlobalState -> Bool;
% possible(e, gs) indicates if event e is possible given global state gs
nextstate: Event # GlobalState -> GlobalState;
% nextstate(e, gs) represents the global state after the event e has occurred
% in state gs
var
gs, gsa: GlobalState;
fs, fsa: FloorState;
shs, shsa: ShuttleState;
Is, Isa: LiftState;
Ih, Iha: LiftHeight;
p,g:  FloorPos;
s,t:  OccState;
ij: Instruction;
rlbs: RI1BeltSet;
r2bs: R2BeltSet;
r3bs: R3BeltSet;
dc: DirCol;
ms: MoveSize;
sps:  ShuttlePosSet;
dr: DirRow;
sp, spa, spb: ShuttlePos;
so: ShuttleOrientation;
is: InstructionSet;
eqn
init_gs =
glob_state(
init_fs,
init_shs,
Isf_street);
allowed(move_belts(rlbs, dc, ms), glob_state(fs, shs, Is)) =
ribs = [] &&
connected_b_ri1(rlbs) &&
available_b_r1(rlbs, shs, Is) &&
end_free(l, dc, ms == full, fs) &&
even_occ(l, fs)
whr | = positions_b_r1(rlbs) end;
allowed(move_belts(r2bs, dc, ms), glob_state(fs, shs, 1Is)) =
ms == full &&
r2bs = [ &&
connected_b_r2(r2bs) &&
available_b_r2(r2bs, shs, Is) &&
end_free(positions_b_r2(r2bs), dc, false, fs);
allowed(move_belts(r3bs, dc, ms), glob_state(fs, shs, 1Is)) =

ms == full &&
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r3bs = [] &&

connected_b_r3(r3bs) &&

available_b_r3(r3bs, shs, Is) &&
end_free(positions_b_r3(r3bs), dc, false, fs);
allowed(move_shuttles(sps, so, dr), glob_state(fs, shs, Is))
sps = [ &&

connected_sps(sps) &&

available_sps(sps, so, shs) &&

% placing a comment in front of the following conjunct  allows

% to be moved even if a car is placed half on the shuttle

(so == lowered => no_half_car_sps(sps, fs)) &&
has_neighbour(sps, dr) &&
lavailable(neighbour_sps(sps, dr), so, shs);
allowed(tilt_shuttle(sp, lowered), glob_state(fs, shs, 1Is)) =
available_sps(shuttles(col(sp)), lowered, shs) &&
free(positions(sp), fs);
allowed(tilt_shuttle(sp, tilted), glob_state(fs, shs, Is)) =
shs(sp, tilted) == avail &&
shs(sp, lowered) == n_avalil;
Is == Is_basement ->
allowed(move_lift(lh), glob_state(fs, shs, 1Is)) =
Ih != height(ls) &&
% replacing the following conjunct by
%  even_occ(positions(b_r1lift), fs);
% allows the lift to move up if two cars are placed half on the Ilift belt
if(free(positions(b_r1lift), fs),  true,
even_occ(positions_b_r1([b_rla_sh, b_ria]), fs) &&
even_occ(positions_b_r1([b_r1b, b_r1b_sh]), fs));
Is = Is_basement ->
allowed(move_lift(Ih), glob_state(fs, shs, 1Is)) =
Ih = height(ls);
allowed(rotate_lift, glob_state(fs, shs, Is)) =
height(ls) == rotate = &&
free([pos_r1(c5, pa), pos_rl(c5, pb), pos_r1(c6, pa),
pos_ri(c7, pb), pos_r1(c8, pa), pos_rl(c8, pb)], fs);
nextstate(move_belts(rlbs, col_inc, ms), ok, glob_state(fs, shs, Is)) =
glob_state(shift_inc_ctw(ms == full, positions_b_r1(rlbs), fs), shs, Is);
nextstate(move_belts(rlbs, col_dec, ms), ok, glob_state(fs, shs, 1Is)) =
glob_state(shift_dec_ctw(ms == full, positions_b_r1(r1bs), fs), shs, Is);
nextstate(move_belts(r2bs, col_inc, ms), ok, glob_state(fs, shs, 1Is)) =
glob_state(shift_inc(positions_b_r2(r2bs), fs), shs, Is);
nextstate(move_belts(r2bs, col_dec, ms), ok, glob_state(fs, shs, 1Is)) =
glob_state(shift_dec(positions_b_r2(r2bs), fs), shs, Is);
nextstate(move_belts(r3bs, col_inc, ms), ok, glob_state(fs, shs, Is)) =
glob_state(shift_inc(positions_b_r3(r3bs), fs), shs, Is);
nextstate(move_belts(r3bs, col_dec, ms), ok, glob_state(fs, shs, 1Is)) =
glob_state(shift_dec(positions_b_r3(r3bs), fs), shs, Is);
nextstate(move_shuttles(sps, lowered,  row_inc), ok, glob_state(fs, shs, Is))
glob_state(shift_inc_sps(l, fs),  shift_inc(l, lowered, shs), Is)
whr | = add_neighbour(sps, row_inc) end;
nextstate(move_shuttles(sps, lowered, row_dec), ok, glob_state(fs, shs, Is))
glob_state(shift_dec_sps(l, fs),  shift_dec(l, lowered, shs), Is)
whr | = add_neighbour(sps, row_dec) end;
nextstate(move_shuttles(sps, tilted, row_inc), ok, glob_state(fs, shs, 1s))
glob_state(fs, shift_inc(add_neighbour(sps, row_inc), tilted, shs), Is);
nextstate(move_shuttles(sps, tilted, row_dec), ok, glob_state(fs, shs, Is))
glob_state(fs, shift_dec(add_neighbour(sps, row_dec), tilted, shs), Is);
nextstate(tilt_shuttle(sp, so), ok, glob_state(fs, shs, 1Is)) =
glob_state(fs,
ins_upd(sp, so, n_avalil, ins_upd(sp, not(so), avail, shs)),
Is);
occupied(ls, fs) ->
nextstate(move_lift(lh), ok, glob_state(fs, shs, 1Is)) =
glob_state(
if(height(ls) 1= basement && lh == basement,
ins_upd_fps(positions(b_r1lift), occupied, fs),
if(height(ls) == basement && |h != basement,
ins_upd_fps(positions(b_r1lift), free, fs),
fs
)
),
shs, make_ls(lh, occupied));
loccupied(ls, fs) ->
nextstate(move_lift(lh), ok, glob_state(fs, shs, 1Is)) =
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glob_state(fs, shs, make_ls(lh, free));

nextstate(rotate_lift, ok, gs) = gs;
nextstate(i, fail, gs) = gs;
allowed([], gs) = false;
allowed(i I> [, gs) = allowed(, 9s);
allowed(i I>j > is, g@s) =
allowed(i, gs) &&
loverlap(i, j > is) &&
allowed(j > is, gs);
nextstate([], ok, gs) = gs;
nextstate(i |> is, ok, gs) = nextstate(i, ok, nextstate(is,
nextstate(is, fail, gs) = gs;
possible(add_car, glob_state(fs, shs, Is)) =
Is == Isf_street;
possible(remove_car, glob_state(fs, shs, 1Is)) =
Is == lIso_street;
nextstate(add_car, glob_state(fs, shs, Is)) =
glob_state(fs, shs, Iso_street);
nextstate(remove_car, glob_state(fs, shs, 1Is)) =
glob_state(fs, shs, Isf_street);
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Appendix C: Processspeci®cations

In the following sections the formal speci cation of the processpart of the safetylayer is
given,followedby the speci cationsafterreducingcomplexity to enablesimulation.

C.1 General speci cation

sort
ProcState = struct ps_idle | ps_await_state | ps_ack_deny
| ps_req | ps_exec | ps_ack_exec;
Layer = struct logical | safety | hardware;
act
snd_req, rcv_req, com_req: Layer # Layer # InstructionSet;
snd_ack_req, rcv_ack_req, com_ack_req: Layer # Layer # InstructionSet;
snd_deny_req, rcv_deny_req, com_deny req: Layer # Layer # InstructionSet;
snd_ack_exec, rcv_ack_exec, ack_exec:Layer # Layer # InstructionSet # ExecResult;
snd_state, rcv_state, com_state:  Layer # Layer # GlobalState;

snd_event, rcv_event, com_event: Layer # Layer # Event;

proc
SL(ps: ProcState, gs_sl:  GlobalState, is:  InstructionSet, r:  ExecResult) =
(ps == ps_idle) ->
(sum isa: InstructionSet. valid(isa) ->
rcv_req(logical, safety, isa)
SL(ps_ack_deny, gs_sl, isa, )
. )
(ps == ps_await_state) ->
(sum gs: GlobalState. rcv_state(hardware, safety, gs).
SL(ps_ack_deny, gs, is, 1)
)
+
(ps == ps_ack_deny) ->
(allowed(is, gs_sl) >
(snd_ack_req(safety, logical, is) . SL(ps_req, gs_sl, is, 1)),
(snd_deny_req(safety, logical, is).  SL(ps_idle, gs_sl, is, 1)
+
(ps == ps_req) ->
snd_req(safety, hardware, is) . SL(ps_exec, gs_sl, is, )
+
(ps == ps_exec) ->
(sum ra: ExecResult.
rcv_ack_exec(safety, hardware, is, ra).
SL(ps_ack_exec, nextstate(is, ra, gs_sl), is, ra)
. )
(ps == ps_ack_exec) ->
snd_ack_exec(safety, logical, is, 1 . SL(ps_idle, gs_sl, is, 1)
+
(ps == ps_idle) ->
(sum e: Event.
possible(e, gs_sl) -> rcv_event(hardware, safety, e)
SL(ps, nextstate(e, gs_sl), is, 1)

’

init
SL(ps_idle, init_gs, 0, ok);
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C.2 Speci cation after reduction 1

In thefollowing speci cation,instructionsetsarereplaceddy singleinstructions.

sort
ProcState = struct ps_idle | ps_await_state | ps_ack_deny
| ps_req | ps_exec | ps_ack_exec;
Layer = struct logical | safety | hardware;
act
snd_req, rcv_req, com_req: Layer # Layer # Instruction;
snd_ack_req, rcv_ack_req, com_ack_req: Layer # Layer # Instruction;
snd_deny_req, rcv_deny_req, com_deny req: Layer # Layer # Instruction;
snd_ack_exec, rcv_ack_exec, ack_exec:Layer # Layer # Instruction # ExecResult;
snd_state, rcv_state, com_state:  Layer # Layer # GlobalState;

snd_event, rcv_event,  com_event: Layer # Layer # Event;

proc
SL(ps: ProcState, gs_sl:  GlobalState, i Instruction, r:  ExecResult) =
(ps == ps_idle) ->
(sum j: Instruction. valid(j) ->
rcv_req(logical, safety, )
SL(ps_ack_deny, gs_sl, j, 1
)
+
(ps == ps_await_state) ->
(sum gs: GlobalState. rcv_state(hardware, safety, gs).
SL(ps_ack_deny, gs, i, 1
)
+
(ps == ps_ack_deny) ->
(allowed(i, gs_sl) ->
(snd_ack_req(safety, logical, i) . SL(ps_req, gs_sl, i, 1),
(snd_deny_req(safety, logical, i). SL(ps_idle, gs_sl, i, 1)
+
(ps == ps_req) ->
snd_req(safety, hardware, i) . SL(ps_exec, gs_sl, i, 1)
+
(ps == ps_exec) ->
(sum ra: ExecResult.
rcv_ack_exec(safety, hardware, i, ra).
SL(ps_ack_exec, nextstate(i, ra, gs_sl), i, ra)
. )
(ps == ps_ack_exec) ->
snd_ack_exec(safety, logical, i, 1) . SL(ps_idle, gs_sl, i, n
+

(ps == ps_idle) ->
(sum e: Event.

possible(e, gs_sl) -> rcv_event(hardware, safety, e)
SL(ps, nextstate(e, gs_sl), i, 1

init

SL(ps_idle, init_gs, move_lift(street), ok);
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C.3 Speci cation after reduction 2

Thefollowing speci cationabstractérom non-essentiaihessag@assing:

act
exec: Instruction;
occur:  Event;

proc
S(gs_sl: GlobalState) =
sum i:  Instruction. (valid(i) && allowed(i, gs_sl)) ->
exec(i) . S(nextstate(i, ok, gs_sl)
+
sum e: Event. possible(e, gs_sl) ->
occur(e) . S(nextstate(e, gs_sl))
init
S(init_gs);
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Appendix D: Formal veri®cation

For the formal veri cation of the requirementghe speci cationis reducedby changingthe
dataspeci cationandaddingbehaiour to the processpeci cation.

D.1 Speci cation after reduction 3

The speci cation after reduction3 is the speci cationwith the processspeci cation of ap-
pendixC.3,togethemwith the dataspeci cationof appendixB, in which the capacitieof the
beltsb_rla, b_rib, b_r2 andb_r3 arereduced.

positions(b_rla)
positions(b_r1b)
positions(b_r2)
positions(b_r3)

[pos_ri(c2, pa), pos_rl(c2, pb), pos_ri(c6, pa)l;
[pos_r1(c7, pb), pos_ri(c9, pa), pos_rl(c9, pb)l;
[pos_r2(c2), pos_r2(c9)];
[pos_r3(c2), pos_r3(c9)];

D.2 Speci cation after adding error actions

The requirementf section6.1 are still ratherhigh-level. In orderto formalisethemin
MCRL2,we translatehemto amoredetailedlevel:

1. Belts:

(a) Foreachbeltb, beltsetbsandmovesizems theinstructionmove_belts(bscol.inc,
ms)shouldnot be allowedif:
- Theright-mostpositionof beltb of sizemsis occupied.
- bistheright-mostbeltin bs

Lik ewisefor theleft-mostpositionandbelt for instructionmove belts(bscol_dec,
ms)

(b) For eachshuttles, belt setbs directiond and move size ms the instruction
move belts(bsd, ms)shouldnot be allowedif thefollowing conditionshold:
- Shuttlesis availablein loweredpositionandcontainga partof) acar.
Thebeltcorrespondingo shuttlesis in thebelt setbs
Directiond is pointingto thewall.
Move sizemscould move the carinto thewall.

(c) For eachbelt setbs, directiond andmove sizems theinstructionmove belts(bs,
d, ms)shouldnot be allowedif bscontainsabeltthatis notavailable.

2. Shuttles:

(a) For all setsof shuttlepositionssps orientationso anddirectionsd, theinstruction
move shuttles(spsp, d) shouldnot be allowedif it containsa shuttlethatdirectly
facesawall in directiond.

(b) Forall shuttlepositionss, setsof shuttlepositionsspsanddirectionsd, theinstruc-
tion move shuttles(spdpwered,d) shouldnot be allowedif:

- sis availablein loweredposition.
- sistheneighbourof spsin directiond.

(c) for all shuttless, setsof shuttle positionsspsand directionsd, the instruction
move shuttles(spdpwered,d) shouldnot be allowedif:
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- sis neithercompletelyfree nor completelyoccupied.
- sisanelementof thesetsps

(d) For all shuttless andorientationso, the instructiontilt _shuttle(s,0) shouldnot be
allowedif thereis acaronthebeltcorrespondingo s.

(e) For all shuttless andorientationso, the instructiontilt _shuttle(s,0) shouldnot be
allowedif thereis a shuttlein positionsin bothorientations.
3. Lift:

(a) For all heightsh theinstructionmovelift(h) shouldnot beallowedif:
- Thelift is atthebasemenlevel.
- Thelift containsoneor two carsthatareplacedhalf on thelift.
(b) Theinstructionrotatelift shouldnotbeallowedif oneof thefollowing holds:

- Thelift is notatrotateheight.

- The three half positionsbelts at the left and the right of the lift are not
completelyfree.

Theselow-level requirementarespeci ed in mCRL2 asconditionsof erroractions. This is
expressedy thefollowing speci cationthatis usedfor veri cation.

sort
Requirement = struct reqla | reqlb | reqlc
| req2a | reg2b | req2c | reg2d | req2e
| req3a | req3b;
act

exec: Instruction;
occur:  Event;
error: Requirement # Pos;

proc
V(gs_sl: GlobalState) =
% normal behaviour

sum i Instruction. (valid(i) && allowed(i, gs_sl)) ->
exec(i) . V(nextstate(i, ok, gs_sl)
+
sum e: Event. possible(e, gs_sl) ->
occur(e) . V(nextstate(e, gs_sl))

% added behaviour with the purpose of checking the requirements;
% if this results in  more behaviour, a requirement is not satisfied
% Requirement  la

+

sum i Instruction, b: R1Belt, ms: MoveSize, bs: R1BeltSet.
(‘end_free(positions(b), col_inc, ms == full, fs(gs_sl)) &&
rhead(bs) == b &&
i == move_belts(bs, col_inc, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqla, 1) . delta

+

sum i Instruction, b: R1Belt, ms: MoveSize, bs: R1BeltSet.
(‘fend_free(positions(b), col_dec, ms == full, fs(gs_sl)) &&
head(bs) == b &&
i == move_belts(bs, col_dec, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqla, 2) . delta

+

sum i: Instruction, b: R2Belt, ms: MoveSize, bs: R2BeltSet.
(‘end_free(positions(b), col_inc, false, fs(gs_sl)) &&
rhead(bs) == b &&
i == move_belts(bs, col_inc, ms) &&
valid(i) &&
allowed(i, gs_sl)
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R1BeltSet.

R1BeltSet.

R2BeltSet.

R2BeltSet.

) -> error(reqla, 3) delta
+
sum i Instruction, b: R2Belt, ms: MoveSize,
(‘end_free(positions(b), col_dec, false,
head(bs) == b &&
i == move_belts(bs, col_dec, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqla, 4) delta
+
sum i Instruction, b: R3Belt, ms: MoveSize,
(fend_free(positions(b), col_inc, false,
rhead(bs) == b &&
i == move_belts(bs, col_inc, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqla, 5) delta
+
sum i: Instruction, b: R3Belt, ms: MoveSize,
(‘end_free(positions(b), col_dec, false,
head(bs) == b &&
i == move_belts(bs, col_dec, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqla, 6) delta
% Requirement  1b
+
sum i: Instruction, ms: MoveSize, bs:
(available(r1a, lowered,  shs(gs_sl)) &&
Ifree(positions(rla), fs(gs_sl)) &&
i == move_belts(bs, col_dec,
if(loccupied(positions(rla), fs(gs_sl)),
contains(b_rla_sh, bs) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlb, 1) delta
+
sum i: Instruction, ms: MoveSize, bs:
(available(r1b, lowered,  shs(gs_sl)) &&
Ifree(positions(rlb), fs(gs_sl)) &&
i == move_belts(bs, col_inc,
if(loccupied(positions(rlb), fs(gs_sl)),
contains(b_r1b_sh, bs) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlb, 2) delta
+
sum i: Instruction, ms: MoveSize, bs:
(available(r2a, lowered,  shs(gs_sl)) &&
Ifree(positions(r2a), fs(gs_sl)) &&
i == move_belts(bs, col_dec, ms) &&
contains(b_r2a_sh, bs) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlb, 3) delta
+
sum i: Instruction, ms: MoveSize, bs:
(available(r2b, lowered,  shs(gs_sl)) &&
Ifree(positions(r2b), fs(gs_sl)) &&
i == move_belts(bs, col_inc, ms) &&
contains(b_r2b_sh, bs) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlb, 4) delta
+
sum i Instruction, ms: MoveSize, bs:
(available(r3a, lowered,  shs(gs_sl)) &&
Ifree(positions(r3a), fs(gs_sl)) &&
i == move_belts(bs, col_dec, ms) &&
contains(b_r3a_sh, bs) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlb, 5) delta
+
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sum i: Instruction, ms: MoveSize, bs: R3BeltSet.
(available(r3b, lowered,  shs(gs_sl)) &&
Ifree(positions(r3b), fs(gs_sl)) &&
i == move_belts(bs, col_inc, ms) &&
contains(b_r3b_sh, bs) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlb, 6) . delta
% Requirement  1c
+
sum i Instruction, dc: DirCol, ms: MoveSize, bs: R1BeltSet.
(favailable_b_r1(bs, shs(gs_sl), Is(gs_sl)) &&
i == move_belts(bs, dc, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlc, 1) . delta
+
sum i Instruction, dc: DirCol, ms: MoveSize, bs: R2BeltSet.
(favailable_b_r2(bs, shs(gs_sl), Is(gs_sl)) &&
i == move_belts(bs, dc, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlc, 2) . delta
+
sum i: Instruction, dc: DirCol, ms: MoveSize, bs: R3BeltSet.
(favailable_b_r3(bs, shs(gs_sl), Is(gs_sl)) &&
i == move_belts(bs, dc, ms) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(reqlc, 3) . delta
% Requirement  2a
+
sum i: Instruction, sps:  ShuttlePosSet, so: ShuttleOrientation.
((contains(rla, sps) || contains(rlb, sps)) &&
i == move_shuttles(sps, so, row_dec) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2a, 1) . delta
+
sum i Instruction, sps: ShuttlePosSet, so: ShuttleOrientation.
((contains(r3a, sps) || contains(r3b, sps))  &&
i == move_shuttles(sps, so, row_inc) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2a, 2) . delta
% Requirement  2b
+
sum i: Instruction, sp:  ShuttlePos, sps:  ShuttlePosSet.
(available(sp, lowered,  shs(gs_sl)) &&
connected(rhead(sps), sp) &&
i == move_shuttles(sps, lowered, row_inc) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2b, 1) . delta
+
sum i:  Instruction, sp:  ShuttlePos, sps: ShuttlePosSet.
(available(sp, lowered,  shs(gs_sl)) &&
connected(sp, head(sps)) &&
i == move_shuttles(sps, lowered, row_dec) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2b, 2) . delta
% Requirement  2c
+
sum i Instruction, sp:  ShuttlePos, sps: ShuttlePosSet, dr:
(free(positions(sp),fs(gs_sl)) &&
loccupied(positions(sp),fs(gs_sl)) &&
contains(sp, sps) &&
i == move_shuttles(sps, lowered, dr) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2c, 1) . delta

% Requirement  2d

+
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sum i: Instruction,

sp:  ShuttlePos,
(free(positions(sp),fs(gs_sl))

&&
&&

fs(gs_sl))

so:  ShuttleOrientation.
&&
i == tilt_shuttle(sp, s0) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2d, 1) delta
% Requirement  2e
+
sum i: Instruction, sp:  ShuttlePos, so: ShuttleOrientation.
(available(sp, so, shs(gs_sl)) &&
available(sp, not(so), shs(gs_sl)) &&
i == tilt_shuttle(sp, so0) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req2e, 1) delta
% Requirement  3a
+
sum i Instruction, Ih:  LiftHeight.
(Is(gs_sl) == Is_basement &&
Ifree(positions(b_r1lift), fs(gs_sl)) &&
I(even_occ(positions_b_r1([b_rla_sh, b_ria]), fs(gs_sl))
even_occ(positions_b_r1([b_rlb, b_rlb_sh]), fs(gs_sl)))
i == move_lift(Ih) &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req3a, 1) delta
% Requirement  3b
+
sum i Instruction.
((height(Is(gs_sl)) 1= rotate ||
Ifree([pos_r1(c5, pa), pos_rl(c5, pb), pos_ri(c6, pa),
pos_ri(c7, pb), pos_ri(c8, pa), pos_rl(c8, pb)],
) &&
i == rotate_lift &&
valid(i) &&
allowed(i, gs_sl)
) -> error(req3b, 1) delta
init  V(init_gs);
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