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Abstract

RecentdisastersatBhopal,Chernobyl,HabsheimandKegworthillustratethepointthat
softwareisrarelythesolecausebehindma joraccidents.Operatorintervention,hardware
faults,eventheweatherconditionsandmaliciousactsallcombinetocreatetheconditionsfor
failure.Intheaftermathoftheseaccidents,itseemsdi–cultforsoftwareengineers,systems
developers,forensicscientistsand interfacedesignerstopredictalloftheways inwhich
systemscanfail.Itis,therefore,important thatwe learnasm uch aspossiblefromthose
failuresthatdooccur.Unfortunately,itisoftendi–culttogainacoherentoverviewfromthe
massofdetailthatis,typically,containedinmany accidentreports.Thismakesitdi–cult
forreaderstoidentifythe‘catastrophic’eventsthatproducedthenecessaryconditionsfor
disaster.Thispaperarguesthatformalspeciflcationtechniquescanbeusedtoresolvethese
problems.Inparticular,Lamport’sTemporalLogicofActionsisusedtobuilda unifled
accountofthehuman errorsandsystemfailuresthatcontributedtotheThreeMileIsland
accident.Thisnotationprovideshigh-levelabstractionsthatcanbe usedtostripaway the
massofirrelevantdetailsthatoftenobscureimportanteventsduringdisasters.Formalproof
techniquescanthenbeappliedtothemodelasameansofidentifyingthecausalrelationships
thatm ustbebrokeninordertopreventfuturefailures.

Keyw ords:Accidentanalysis;formalmethods;human factors;TemporalLogicofActions.

1 Introduction

Accident analysisisa m ulti-disciplinaryactivity [17,25]. Forensicscientists,metallurgists,
meterologistsaswellassoftwareengineersandhuman factorsexpertsallcontributetoaccident
investigations[1].The reportsthatareproducedby thesegroupsare,typically,dividedinto
a numberofchapters.Each ofthesesectionsre ectstheperspective ofa ‘parent’discipline.
Thismakesitdi–cultforreaderstoobtaina clearandcoherentoverviewoftheeventsleading
toma joraccidents.Criticalfailuresinonechapterareoftenmissinginothersections.The
importanceassociatedwitha particularevent alsovarieswithinmany accident reports.This
canpreventreadersfromgainingan accurateimpressionoftheprimaryand secondarycauses
leadingtohuman and systemfailure[9,10].Unlessregulatoryauthoritiesand companiesare
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convincedabouttheaccuracyofaccidentreportsthenitwillbedi–cultforthemtoacceptthe
validity oftheirrecommendations.

1.1 The Role Of Formality In Accident Analysis

Thispaperarguesthattheapplicationofmathematicalspeciflcationtechniquescanbeextended
fromthefleldsofsoftwareand hardwareengineeringtodescribe thesequencesofeventsthat
leadtoma joraccidents.W eintendtouseformalrepresentationstoidentifysafety requirements
afterma joraccidents.Thisismarkedlydifierentfromconventionalapproachesinwhich fault-
treesandotherformalnotationsareusedtoanalysefailuresbefore a systemisbuilt.A central
objective inthisworkistodevelopa common frameworkthatcanbe usedtoanalyseboth
systemand human failures.Thisapproach isappropriatebecausea numberofcommercial
and regulatoryorganisationshave mandatedtheuseofformalnotationsintheengineeringof
safety-criticalsystems[3].

Human errorhasplayed an important roleinthecourseofmany ma joraccidents.Itis,
therefore,importantthataccidentinvestigationtechniquesprovidemeansofrepresentingand
reasoningaboutoperatorintervention.Unfortunately, mathematicalspeciflcationshave not
previouslybeenusedtosupportsuch analysis.They have,however,beenusedtosupportthe
designofinteractivesystems.Forinstance,HarrisonandThimbleby recruitalgebraicnotations
tospecifyhighlevelrequirementsforinteractive systems[8].Dix hasextendedthisworkto
investigatetimingproblemsindistributed,m ulti-usersystems[5].SufrinandHe haveexploited
theZ schema calculustorepresentinteractionwitha texteditor[21].The followingpagesbuild
on thisworktoshow how formalspeciflcationandprooftechniquescanbe extendedfromthe
fleldofsoftwareengineeringandinterfacedesigntosupporttheanalysisofhuman factorsand
systemfailures.

Figure1 presentsan overviewoftheapproach thatisadvocatedinthispaper.Traditional
accidentanalysistechniquesareemployedby domainexperts,human factorsspecialists,forensic
scientists,softwareengineersandsoon.The aimofthisanalysisistoidentifythecausalevents
thatleadtofailure.Theirflndingsare,typically,expressedinnaturallanguageandtheyform

Figure1:The RoleofFormalisminAccidentAnalysis.

thebasisofan initialaccidentreport[13].Thispaperarguesthatmathematicalnotationscan
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thenbeusedtomodelthecausalsequencesthatareidentifledinthesereports.Theformalisation
processhelpstoextractthesecriticalsequencesfromthemassofbackgrounddetailthatmay be
presentedduringaninitialinvestigation.Essentialinformationm ustberepresentedinthemodel,
contextualdetailsareomitted.A furtherbenefltisthattheresultingmodelsareamenableto
formalprooftechniques.Forinstance,analystscanestablishwhetherornotthecausalsequences
ina modelactuallydo leadtothecatastrophiceventsthatoccurduringan accident.Finally,
theformalmodelcanbetranslatedback intothenaturallanguagedocumentsthatcomm unicate
recommendationstocommercialandregulatoryorganisations.

1.2 Graphicalor TextualNotations?

The overviewshown inFigure1 raisesa numberofpracticalproblems.Forinstance,thereare
nowell-developedproceduresforderivingformalmodelsfromtheinformalaccountsinaccident
reports[9,24,23].Similarly,therehasbeenlittleworkintotheutility offormalnotationsfor
accidentanalysis.Thisisasigniflcantomissionbecausethechoiceofnotationprofoundlyafiects
anon-formalist’sabilitytounderstandformalanalysis[12].Forexample,Figure2showshow the
graphicalPetriNetnotationcanbeusedtomodeltheeventsleadingtotheKegworthaccident.
Thisdiagramwasproducedasa resultofanearliercollaborationwitha m ulti-disciplinaryteam
ofpsychologists,linguistsand systemsengineers.The useofa graphicalnotationhelped the
teamtodiscussthecausalsequencesthatwererepresentedinthemodel[13].Italsohelpedto
focusouranalysisupon particularinterpretationsoftheeventsleadingtofailure.Forinstance,
thedevelopmentofthemodelforcedtheteamtoaddressthedebateaboutwhattheFirstO–cer
observedon theAirborneVibrationMonitor.

Unfortunately,Figure2 alsoillustratessome oftheproblemsthatarisewitha graphical
notation.They quicklybecomeintractableasmore and more eventsarerepresented.The
fulldiagramfortheKegworthaccident takesmany pages,even thoughthemodelsisata
relativelyhighlevelofabstraction.Such problemscanbe reducedby structuringmechanisms.
Forinstance,hierarchicalPetrinetsenableanalyststoconstructsub-networks,sub-sub-networks
andsoon.Theproblemwiththisisthatimportantinformationmaybehiddenwithinthevarious
layersofthemodel.A secondissueisthattheintuitiveappearanceofgraphicalnotationsm ust
oftenbe balancedagainstcorrespondinglymore complexprooftechniques.Forexample,the
vectoranalysisthatisusedtoestablishlivenessand safety inthesub-networksofa Petrinet
cannoteasilybe explainedintermsofintuitive graphicalmodels.Thisraisesa thirdproblem.
Analystsmay believe thattheyunderstandtheconsequencesofintroducinga new element
intoa graphicalnotationwithoutfullycomprehendingtheadditionalproofobligationsthatare
createdby theiractions.Forexample,theintroductionofan inhibitorarcintoa PetriNetcan
invalidateallpreviouslivenessresults.Such problemsjustifytheapproach describedinFigure1.
The ‘speciflcation’oftheaccident isnotdirectlyaccessedby non-formalists.Incontrast,the
modelisbuiltandinterpretedby trainedanalystsinm uch thesameway thatforensicscientists
buildand interpretcontinuousmodelsofphysicalprocesses,such astheHealthand Safety
Executive’scombustionsimulators[11].The U.K.EngineeringandPhysicalSciencesResearch
Councilhasrecentlyfundeda threeyearprojectthatisaddressingtheseissuesinmoredetail
(GR/K55040).Inanticipationoftheresultsofthiswork,theremainderofthispaperappliesa
textualnotationtoanalysetheeventsleadingtotheThreeMileIslandaccident.
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Figure2:The EventsLeadingTo The KegworthDisaster.

1.3 Temp oralLogicofActions

The followingpagesexploitLamport’sTemporalLogicofActions(TLA) [16].Thistextual
notationofiersa numberofbenefltsforaccident analysis.Itprovideswelldeveloped proof
techniques.Italsoprovidesmeansofrepresentingthetemporalpropertiesthatfrequentlyhave
a profoundimpactupon thecourseofan accident.The underlyingmodelinTLA isformed
froman inflniteseriesofstates,known asbehaviours.Forexample,<< s0;s1;:::>> denotes
a behaviourwhoseflrststateiss0,itssecondstateiss1 and soon. From thiswe derive the
deflnitionfor2 (readas‘always’)givenany formulainthelogicF :

<< s0;s1;:::>> [2F ]
4
= 8n 2 N at:<< sn;sn+1 ;sn+2 ;:::>> [F ] (1)

Thisoperatorcanbeusedtorepresentinvariantconditionsthatdonotchangeduringthecourse
ofan accident.The 3 (readas‘eventually’)operatorcanbedeflnedas:

3 F
4
= :2:F (2)

Thisoperatorcanbe usedtodescribe propertiesthatoccuratan indeterminatepointduring
interaction.Thisisasigniflcantadvantagebecause,givenlimitedsensingtechnologyandpartial
sourcesofevidence,itisfrequentlyimpossibletodevelopa precisetimelineforalloftheevents
duringan accident. The important point hereisthatanalystscanuseTLA operators,such
as2,tobe precisewhen theyhave thenecessaryevidence.Non-deterministicoperators,such

4



Containment vessel

Line to 
steam 
turbines

Feedwater line

Drain
(quench) 
tank

Reactor

Steam 
generator

Relief 
valve

Control
rods

Emergency
Feedwater
Pump

Emergency
feedwater
valve

as3 ,canbe usedwhen thereislimitedinformationaboutthetemporalorderingofparticular
failuresduringma joraccidents.

The 2 and 3 operatorsarecommon featuresofmany difierenttemporallogics[18].Lam-
port’sTemporalLogicofActionsisdistinguishedfromthesenotationsinthatelementarytem-
poralformulascanbe usedtorepresentactions.An action,A,isa relationbetweenstates.A
booleanvaluecanbe obtainedfromapplyingtheactiontoa pairofstates,s[[A]]t. Inother
words,theactionconnectstheoldstate,s,tothenew state,t,by updatingelementsofthat
state.Lamport[16]provideadditionalinformationon thetheoreticalfoundationsofthenota-
tion.Incontrast,theremainderofthispaperfocusesupon theapplicationofTLA tosupport
accidentanalysis.

1.4 The Three Mile IslandAccident Ov erview

The ThreeMileIslandAccident providesan appropriateexampleforthispaperbecauseit
illustratesthepathologicalmix ofsystemfailuresand operatorerrorsthatposethegreatest
challengeforsoftwareengineersand human factorsanalysts.Figure3 presentsa schematic
overviewofthemaincomponentsinthisaccident.The problemsinthisreactorstartedwhen
themainfeedwatersystemmalfunctioned.Thiswastheresultofa demineraliserfailure.The
auxiliaryfeedwatersupplywassupposedtohave startedautomatically. Itdidnotbecause
severalmanualvalvesintheauxiliarysystemhadbeeninadvertentlyleftclosedaftera testof
thesystem.Withoutthefeedwater,thesteamgeneratorsdriedout.Thisdeprivedthereactor
ofitsmainheatsinkand sotherewasa riseintemperatureand pressureinsidetheprimary
coolant circuit.The riseinpressureautomaticallyshut-down thereactorbuttheradioactive
corecontinuedtogiveoutheat.The pressurereliefvalveopenedandbecamestuck sothatthere
wasa continuousreleaseofradioactive waterfromthemainsteelpressurevesselintoa drain
tankand thecontainment sumps.Withintwo minutestheemergencycoolant systemstarted
automaticallyand begantoincreasethecoolant level.Thisoriginallossofcoolant accident

Figure3:DiagramoftheThreeMileIslandPressurisedW aterReactor.

(LOCA) wasexacerbatedby theoperatorswho respondedtothepressurewarningby manually
overridingthetwoemergencycorecoolinginjectionpumps.By flfteenminutesintotheaccident,
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therewerealmost40,000litersofprimarycoolanton thecontainment oorastheliquidbegan
toescape fromthesumps.Radioactive isotopesofkrypton,iodineand xenonescaped tothe
environmentthroughthebuilding’sventilationsystem.

1.5 OutlineOf The Paper

Thissectionhasintroducedtheargumentthatispresentedinthispaper.Section2 buildson
thisand describesa highlevelframeworkthatcanbe usedtorepresentand reasonaboutthe
operationofcomplex,interactivesystems.Thisworkhasdirectparallelswiththeabstractmod-
elsthatLamportandothershave developedtosupportthesoftwareengineeringofconcurrent
programs.Section2 thengoeson toshow how Lamport’smodelcanbe usedtoreasonabout
human errorandsystemfailure.Unfortunately,thishighlevelmodelistooabstractforaccident
investigations.Section3,therefore,demonstratesthatadditionaldetailcanbe introducedto
representthespeciflchuman factorsandsystemsproblemsthatleadtoparticularaccidents.Itis
thenpossibletoidentifya ‘catastrophic’subsetoftheseproblemswhich aretheprimarycauses
ofan accident.Section4 shows how thesecanbe drawn fromthecausalsequencesthatare
describedinSection3.Itistheidentiflcationofthesecatastrophicfailuresthat,traditionally,
formstheheartofany accidentinvestigation.The importantpointhereisthattheuseofa for-
malnotationprovidesa precisemeansofrepresentingthecausalrelationshipsbetweenfailures
thatareoftenburiedwithintheproseofnaturallanguagereports.Section5 thengoeson to
demonstratean additionalbenefltofourapproach.Formalprooftechniquescanbe appliedto
TLA descriptionsinordertoprove thatthecausalrelationshipswillholdgivena known setof
failuresanda normativemodelofsystemoperation.Inotherwords,wecanvalidateourmodel
ofsystemfailureby comparingthecausallinksinourspeciflcationtotheknown outcomeof
systemfailureand operatorerror.Section6 summarisestheconclusionsfromthisworkand
suggestsareasforfutureresearch.

2 A High LevelMo delFor Accident Investigations

Therearea numberofkeyaimsforany accidentinvestigation[13].Inparticular,analystsm ust
identify:

† thestartingpointorinitialcircumstancesforanyaccident;

† thenormativeoranticipated behaviourofthesystem;

† theabnormaleventsthatled tosystemfailuresandoperator‘error’.

Thissectionshows how a modeldeveloped tosupportthesoftwareengineeringofconcurrent
programscanalsobe usedtoprovidea genericframeworkforthesedifierentactivities.Subse-
quentsectionswillshow how detailcangraduallybe addedtothisabstractmodelinorderto
identifythewaysinwhich criticaleventscombineduringma joraccidents.

2.1 The ElementsofLamp ort’sMo del

Many similaritiescanbe drawn betweenthedevelopmentofconcurrentprogramsandthegen-
erationofaccidentreports.Bothactivitiesforceengineerstoanalyseasynchronousinteraction
betweencomplex,autonomousprocesses.Insoftwareengineering,designersm ustaccount for
thebehaviourofprogramsinteractingthroughtaskingmechanismsorremoteprocedurecalls.In
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thecaseofaccidentinvestigation,analystsm ustexaminethewaysinwhich m ultipleoperators
interactwitha rangeofhardwareand softwaresystems.Thesesimilaritiesarealsoapparent
ifonecomparestheaimsofaccidentinvestigations,illustratedby thepreviouslist,tothefor-
malcomponentsofLamport’smodelforthesoftwareengineeringofconcurrentprograms[16].
Thismodeldescribestheoperationofa systemOperatingConditionsintermsofsomeinitial
conditions,InitialConditions,some changestothestateofthesystem,2[N ],and a fairness
condition,F :

OperatingConditions
4
= InitialConditionŝ2[N ]f ^ F (3)

Forourpurposes,an accident reportcanbe thoughofastheOperatingConditions,except
thatherewe aredescribingtheconditionsforfailureratherthanconditionsforthesuccessful
executionofa concurrent program.Thesereportsm ustrepresent theinitialconditionsthat
holdbeforeanaccidentoccurs,InitialConditions.Theym ustalsoconsiderthebehaviourofthe
applicationduringtheaccident,2[N ]f.Heref representsthestateoftheaccidentcomponents
intermsofa numberofvariables.Finally,theformalmodelm ustensurethateach actionhad
equalopportunity tooccur| otherwisewewouldnotmodelaccuratelytheprogressionofevents
representingtheincident.Thisiscapturedby thefairnesscondition,F ,which appliestoallthe
componentactionsofthenext-staterelation,N .

The strengthofTLA withregardtoaccidentanalysisisthatitenablesreflnementsofsub-
componentsoftheaccidentscenariotobe developedasmoreinformationbecomesavailableto
accidentinvestigators.Forexample,eventhoughthedemineralizeroftheplantisnotmentioned
inBignellandFortune’saccount,itwouldbepossibletoadda TLA descriptionofitata later
stage,ifrequired.Inaddition,TLA allows an accident scenariotobe described atboththe
temporal,behaviourallevelandatthefunctional,systemiclevel.The actionsoftheformalism
areflrst-classprocesseswhich canmodel,atthelevelofdetailrequired,thechangesthatoccurred
withinvariouscomponentsofthedisaster.W ecan,forinstance,describebothsimpletemporal
relationships,such aswaterintheair-circuitleadingtosomevalvesswitchingofi andthelevels
oftemperatureandpressureintheprimarycircuitsurroundingthereactorcore.Forthisreason
of exibility wehavechosentouseTLA overa simplepredicatelogic.

2.2 StateTransitions(N )

Insoftwareengineering,designersm ustestablishthatcertainoutputrelationswilleventually
holdgivena setofpre-conditions,InitialConditions,andsomewell-deflnedstatetransitions,N
[16].Inaccidentanalysis,investigatorsm ustshow how anaccidenteventuallyoccurredgiventhe
basicoperatingconditionsofthenuclearplant,N ,andthesetofinitiatingeventsdescribedin
theirreport,InitialConditions.Thisparallelbetweensoftwareengineeringandaccidentanalysis
canbe usedtostructuretheformalanalysisofourThreeMileIslandexample.Forexample,
itispossibletointroducea causalrelationship,A ; B (readas‘leadsto’),thatindicatesthe
intendedimpactofasequenceofinstructionsinaconcurrentprogram.Thesearethetransitions
describedby N .Thissamerelationcanalsobe usedtodescribe thecause-consequencechains
thatleadtoma joraccidents.The followingformulacanbe readasitisalwaysthecasethatif
A occurstheneventuallyB willhappen:

A ; B
4
= 2(A ) 3 B ) (4)

Itshouldbe notedthatthe; operatorformalisesa relativelyprimitive notionofcausality.It
doesnotdistinguishbetweennecessaryand su–cient conditionsnordoesitdescribe a struc-
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turefortheeventsincausalsequences.Ladkindescribesa numberofmore complexlogics
thatcanbe usedtocapturedetailednotionsofcausailty [15].Ratherthanadoptthesemod-
els,thispaperexploitsthesimplerformalisationof; todescribe therelationshipbetween
criticalfailuresandan eventualaccident.Inthefollowing,OperatingConditionsrepresentsthe
conditionsexistingattheplant,priortoand duringtheaccident. Thiswasdeflnedin(3).
CatastrophicConditions representsthesetoffailuresthatoccurredon 28thMarch 1979.
Theseformthetraditionalfocusofaccidentanalysis:

OperatingConditions) (CatastrophicConditions; LossOf CoolantAccident) (5)

Thissectionhasarguedthatthesimilaritiesbetweenthesoftwareengineeringofconcurrent
programsandaccidentanalysiscanbe usedtoprovidea formalstructureforaccidentreports.
Lamport’sabstractmodelforthespeciflcationofparallelapplicationshasbeenusedtodescribe
theeventsleadingtoma jorfailuresatanextremelyhighlevelofabstraction.Thisisimportant
becauseithelpsdesignerstostripawaytheclutteroflow leveldetailsthatcanfrequentlyobscure
criticaleventsduringanaccident.Unfortunately,such ahighlevelofabstractionisinappropriate
formany stagesofaccidentanalysis.Itis,therefore,importantthathuman factorsanalystsand
systemsengineerscangraduallyintroduceadditionaldetailastheirinvestigationsprogress.This
processisillustratedinthefollowingsection.

The Enabled predicateistrueforan actionA anda states ifandonlyifitispossibleto
take an A stepstartinginthatstate.Thatistosay thatthereexistssomeotherstatewhich
isrelatedtos by theactionA .Thispredicateisvitaltoourformalisationofaccidentanalysis
inthatwe canuseittostipulatewhich eventscanoccurinthemodel.Inparticular,we useit
todenotethefactthatthecatastrophicactions,such ascertainvalvesbecomingwaterloggedin
theTMI plant,couldtakeplace.

2.3 Initialisation(Init)

A keystageinany investigationistheidentiflcationofa startingpointforan accident.This
may seemtobeatrivialissuebutananalysisofthereportsthatwereproducedintheaftermath
ofThreeMileIslandindicatesthatthisisnotthecase.Forexample,ouraccountoftheaccident
inSection1.4followed[7]instatingthattheoriginalcausewasa demineraliserfailure.Other
reportsblametheaccident upon thefailureoftheairsupplytoan airoperatedvalve [2].It
isclearlyimportant toreducesuch ambiguity ifsoftwareengineers,hardwaredevelopersand
interfacedesignersaretocoordinatethedevelopmentoffuturesystems.Formalmethodscan
be usedtoprovidean unambiguousrepresentationoftheinitialcircumstancesthatsurround
an accident. Forexample,theelementsofTLA canbe usedtoprovideadditionaldetailfor
ourformalisationofInitialConditions. The followingclausere ectsthesecondinterpretation
mentionedabove.Itformalisestheconditionsforairsupplyfailureratherthana demineraliser
fault.The stateofthedemineraliserisomittedbecauseinthisanalysisitisnotconsideredtobe
a primarycauseofthefailure.Of course,thisinformationmightbeincludedifanalystsrevised
theirinterpretationoftheeventsleadingtotheaccident:

Init
4
= (reliefvalve= closed)^ (primary ow = normal)

^ (steam turbine= on)^ (e pumpsstatus= online)

^ (e pumps= ofi)^ (aircircuitstatus= clear)

^ (secondary ow = normal)^ (acvalves= open)
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^ (controlrods= up)^ (acpumps= on)

^ (waterrunofi= false)^ (watertemp= normal)

^ (waterpress= normal)^ (feedwaterline= open)

^ (reliefvalvestatus= working)^ (hppenabled = online)

^ (letdownvalve= closed)^ (highpressure pumps= ofi) (6)

Thevariablesinthisclausewillbethevalueoff,in2[N ]f,atthestartoftheaccident.Itshould
be stressedthatthispredicateisinitselfan abstractionofthemassofmoredetailedinforma-
tionthatmay be presentedtocourtsofenquiryorinsubsequentaccounts[17].Forexample,
primary ow and secondary ow indicatethe ow ofthewaterintheprimaryand secondary
circuits.steam turbineisan abstractrepresentationofthestateofthesteamturbine.The
e pumps and e pumpsstatusvariablesindicatewhethertheemergencyfeedwaterpumps were
on andwhethertheywereenabledornot.The explicitrepresentationofInitialConditionsis
an important stageinthedevelopment ofaccident reportsjustasitisfortheengineeringof
concurrent programs.Inbothcases,ithelpstoframethesubsequent designand analysisby
providinga startingpointforfurtherconsideration.

2.4 FairnessConditions(F)

The secondelement ofLamport’smodel,isthefairnessconditionF . Insoftwareengineering
terms,thisisusedtoensurethateventswhich m usthappen,eventuallydo happen:

F
4
= (23 hAif)_ (23 :EnabledhAif) (7)

At flrstsight,itmight seem strangeto considerfairnessconditionsduringtheanalysisof
an accident. However,thepreviousdisjunctionpreciselycharacterisestheaim ofaccident
reports.Thesedocumentsareintendedtodescribe how an accident eventuallyoccurredso
thatitcanneverhappen again.Indeed,we have strongfairnessconditionscoveringboththe
ordinaryactionsoftheplant,which we denoteC,and thecatastrophicactions,denotedas
CatastrophicConditions. Thisensuresthatboththecatastrophicactionsand theoperating
actionsmay occurwithequalpriority inthemodeloftheevent.When wefurtherspecifythat,

EnabledCatastrophicConditions

wearesayingthatthelatterpartofthefairnessdisjunctionisuntrueand,asa consequence,

23 hCatastrophicConditionsif

Thissays thatthecatastrophicactionsmust occur,which is,naturally,consistent withthe
disasterscenariothatweareformalising.

3 CausalSequences(; )

One ofthewaysinwhich formalnotationscanadd detailtohighlevelaccountsofaccident
reportsisby representingthecausalchainsthatleadtoma joraccidents.Thesechainsarebuilt
fromtheoperatingconditions,OperatingConditions,andthefactthatthecatastrophicevents,
CatastrophicConditions, thatledtothelossofcoolant accident,LossOf CoolantAccident,
wereenabled.An importanttechnicalpointisthatsubsequentsectionswillelidetheEnabled
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predicateintheinterestsofclarity. Itisimportanttohave an explicitrepresentationofthese
sequencesbecauseitcanbedi–cultforreaderstoextractcausalrelationshipsfromthenatural
languageaccountsofma joraccidents.Forexample,onereportincludesthefollowinglines:

:::they[themaintenancecrew]allowedsomewatertoenteranaircircuitthatopened
andclosedsomevalves:::The afiectedvalvesshutofi :::([2],p.12)

Thisquotationillustrateshow theorderingandselectionofmaterialisusedtoimplya causal
relationshipbetweenwaterenteringtheaircircuitand thevalvesbeingshutofi. The follow-
ingclausemakesthisrelationshipexplicit.WaterinAirCircuitdenoteswaterbeingintroduced
intotheaircircuitandValvesSwitchOfistandsforthevalvesswitchingofi inthecircuit.This
illustrateshow causalchainsareformedfromthecatastrophicevents,CatastrophicConditions,
such as theintroductionofwaterinto theaircircuit,and fromtheoperatingconditions,
OperatingConditions,thatdeterminethesystem’sresponsetothefailure:

WaterinAirCircuit; ValvesSwitchOfi (8)

Havingconstructedsuch a causalsequence,softwareandhardwareengineerscantracetheways
thatsubsequenteventsstemmedfromtheseinitialfailures.Forinstance,thesamereportstates
that:

The afiectedvalvesshutofi andthepumps inthesamecircuitcloseddown inquick
succession.

The same; relationcanbeusedtorepresenttheconsequencesofthevalvefailurewhich inturn
wascausedby thewaterenteringtheaircircuit.Inthefollowingclause,Pumps ClosingDownis
theactionofthepumps closingdown:

ValvesSwitchOfi ; Pumps ClosingDown (9)

The importantpointhereisthatthe; relationforcesanalyststoconsiderthewaysinwhich
a widerangeoffailurescontributetoma joraccidents.The initialeventsmight simplyrelate
tothehardwareorsystemsengineeringbuttheknock-onefiectsofthosefailuresarequickly
propagatedthroughouttheapplication.Inourexample,thefailureofthevalvesledtothe
pumps closingdown. Thisledtothefeedwaterlinebeingclosed.The consequencesofthiswas
thattheautomatedcontrolsystemsintervened.Theyshutdown thesteamturbineandstarted
up theemergencyturbines.As softwareisincreasinglybeingintroducedintosuch safety-critical
applicationsitisvitalthatdesignersunderstandhow such knock-onfailuresafiecttheoverall
requirementsfortheirsystems.Unfortunately,itisnoteasytoextracttheserequirementsfrom
naturallanguageaccounts:

One ofthepumpingcircuitsafiected[by thevalvesswitchingofi]wasthefeedwater
linetothesteamgeneratorinthesecondarycircuit.:::sothesafety systemshut
down thesteamturbineand theelectricpowergeneratoritdrove. :::When the
pumps supplyingwatertothesteamgeneratorstopped,threeemergencypumps for
thefeedwaterstarted.

As before,formalnotationscan be usedtofocusinupon thecausalrelationshipsthatare
embeddedwithinsuch informalobservations.Steam FeedwaterDownrepresentsthefeedwater
linetothesteamgeneratorbeingclosed.Steam TurbineShutdownrepresentstheshutdown of
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thesteamturbineand EmergencyPumps Startistheactionoftheemergencypumps starting
up:

Pumps ClosingDown ; Steam FeedwaterDown (10)

Steam FeedwaterDown ; (Steam TurbineShutdown̂ EmergencyPumps Start) (11)

Thusfar,we have shown how a hardwarefailureledtotheinterventionofcontrolsystemsin
ordertostartup emergencypumpingequipment.Theseproblemswereexacerbatedby operator
intervention,orlack ofit:

:::an operator:::noticedthatthesepumps wererunningbuthe didnotnotice
two particularwarninglightson a controlpanel.They signalledthatvalveswere
closedon each ofthetwo emergencyfeedwaterlinesand sowerepreventingwater
fromreachingthesteamgenerators,which soonboileddry:::Notuntilalmosteight
minuteslaterdidtheoperatorsnoticetheclosedvalvesandopenthem.

W euseEmergencyValvesClosed torepresentthefactthattheemergencyfeedwaterlinevalves
wereclosedandSteam GeneratorsDry standsforthesteamgeneratorsboilingdry.

(Steam FeedwaterDown ^ EmergencyPumps Start̂ EmergencyValvesClosed);

Steam GeneratorsDry (12)

The absenceofoperatorinterventioncanberepresentedby thefollowingclause:

(Steam FeedwaterDown ^ EmergencyPumps Start̂

EmergencyValvesClosed^ :OperatorOpensValves);

Steam GeneratorsDry (13)

Such formulaerequirefurtherreflnement iftheyaretoguidethefutureactivitiesofinterface
designers,systemsengineersand programmers.Forinstance,therem ustbe someexplanation
astowhy theoperatorsdidnotintervenetoopen thevalves,:OperatorOpensValves. The
subsequent sectionsaddressthisissueingreaterdetail.In contrast,theremainderofthis
sectioncontinuestobuildthecausalchainofeventsleadingtotheThreeMileIslandaccident:

Deprivedofan outletfortheheatstillenteringfromthereactorcorethewaterin
theprimarycircuitincreasedintemperatureandpressure:::A reliefvalveontopof
thepressuriseropenedandsteamandwaterbeganto ow outtoa draintank:::To
reducetheproductionofheatinthereactorcorethecontrolrods automatically
descendedintoit:::

Inthefollowing,PrimaryCircuitEmergencystandsfortheemergencyconditionswhich resulted
intheprimarycircuit.Inparticular,therewasa riseinthetemperatureand pressureinthe
circuit.ControlRodsDropdenotesthefactthatthecontrolrodsdroppedintothereactorcore
and ReliefValvesOpen indicatestheopeningofthereliefvalve on theprimarywatercircuit.
ReliefValvesOpen representsthereliefvalve beingopen and WaterRun Ofi denoteswater
run-ofiintothedraintankfromtheprimarycircuit:

Steam GeneratorsDry; PrimaryCircuitEmergency (14)

PrimaryCircuitEmergency; ControlRodsDrop^ ReliefValvesOpen (15)

ReliefValvesOpen; WaterRun Ofi (16)
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Formula(15)deservesparticularattentionbecauseitillustratehow a causalchainoffailurecan
havem ultipleconsequences.An increaseintemperatureandpressureledtotheintroductionof
thecontrolrodsandtotheopeningofreliefvalves.Such combinedactionsareoftennecessary
inordertorestore‘normative’states:

Thecombinedefiectsofloweringthecontrolrodsandopeningthereliefvalvebrought
thetemperatureinthevesseldown tonormal:::

The useofa formalnotationwouldprovidefewbenefltsifitcouldnottracethewaysinwhich
automatedsystemsandsafety applicationssuccessfullyintervened:

ControlRodsDrop^ WaterRun Ofi ; :PrimaryCircuitEmergency (17)

Thisillustratessomeofthecomplexitiesthatcanariseduringaccidentinvestigations.Italso
emphasisestheimportanceoftracingthefullextentof; chains.The factthatthetemperature
and pressureproblemswerebeingreduced,:PrimaryCircuitEmergency,didnotmean that
theaccidentwasover.One ofthereliefvalveswasfaulty anddidnotcloseasthepressureand
temperaturereturnedtonormal:

Throughthisvalvemorethanonethirdofthecontentsoftheprimarycircuitescaped.
:::twohighpressurepumpsstartedautomatically,triggeredbyaloweringofpressure
intheprimarycircuit.

The followingclause,therefore,statesthatifthereisno pressureemergencyintheprimary
circuit,:PrimaryCircuitEmergency,thenwater,WaterRun Ofi,run-ofiwillleadtoa lossof
pressure,PrimaryPressure Loss. The secondclauserepresentstheobservationthatthehigh
pressurepumps start,HighPressure Pumps Start,asa consequenceofthelossofpressureifthe
pumps areenabledHighPressure Pumps Enabled:

:PrimaryCircuitEmergency)

(WaterRun Ofi ; PrimaryPressure Loss) (18)

HighPressure Pumps Enabled )

(PrimaryPressure Loss; HighPressure Pumps Start) (19)

Thisflnalsequenceprovidesthemissinglinkbetweentheinitialingressofwaterintotheair
circuitandtheeventuallossofcoolantaccident(LOCA):

The let-down valve wasopenedtoreleasewhat wasbelieved tobe an excessof
water.The originalfallinpressureandthefailureoftheinjectiontobringdown the
temperatureshouldhave alertedtheoperatorsthatLossOf CoolantAccidentwas
underway butitdidnot.

The followingclausestatesthata lossofpressureintheprimarycircuit,togetherwithopening
thelet-down valve,LetDown Open,ledtotheLossofCoolantAccident:

PrimaryPressure Losŝ LetDown Open; LossOf CoolantAccident (20)

Itisimportanttore-iteratethemainpointofthissectionwhich isthatthecomplexity ofnatural
languagedescriptionsmakesitdi–culttoreconstructthecausalsequencesthatleadtoma jor
failures.The readerislefttointerprettherelationshipsthatarebuiltup fromnaturallanguage
statementssuch as‘andthen’,‘atwhich time’,‘andso...’,‘inquicksuccession’and‘theysignalled
that’.The useofthe; relationavoidssuch ambiguity. Italsoprovidesa concisemeansof
representingthehuman errorsandsystemfailuresthatledtothelossofcoolantaccident.
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4 ‘Catastrophic’Events(CatastrophicConditions)

The previoussectionhasconstructedcausalsequencesofeventsthatcharacterisethecourseof
a ma joraccident.Thesesequencesarebuiltfroma numberoffailuresandfromtheresponsesof
thesystemanditsoperatorstothosefailures,OperatingConditions.Havingconstructedthese
causalsequences,itispossibleforanalyststoextractthosecriticalfailureswhich wereessential
fortheaccidenttoprogress,CatastrophicConditions.FortheThreeMileIslandexample,these
catastrophiceventscanberepresentedasfollows:

CatastrophicConditions
4
= WaterinAirCircuit̂ ReliefValveFailure^

EmergencyValvesClosed^ LetDown Open^ EmergencyPumps Ofi (21)

The accident wascausedby theintroductionofwaterintotheaircircuitand thefailureof
thereliefvalve and by theoperators’failingtoclosethereliefvalve and theopeningofthe
letdown valve intheprimarycircuitand theemergencypumps beingdisabled.Intheabove,
EmergencyPumps Ofi referstotheemergencypumps beingdisabledandswitchedofi:

EmergencyPumps Ofi
4
= :HighPressure Pumps Enabled^ :HighPressure Pumps Start(22)

Thesehighlevelabstractionsenableanalyststo focusupon criticalevents. Hardwareand
softwareengineersarenotforcedtoconsiderthemassofcircumstantialdetailthatm ustbe
presentedtoaccidentinquiries.

4.1 The CausesofCatastrophicEvents

CatastrophicConditionsistheconjunctionoftheactionsthatcontributedtotheaccidenttaking
place.The accident occurredbecausetheseactionswereenabled insome way. Forexample,
(8)statedthattheingressofwaterintoan aircircuitcausedthevalvestoswitch ofi.This,in
turn,ledtothepumps beingswitchedofi.Unfortunately,clause(8)doesnotstatethereasons
why waterwasallowedtoenterintotheaircircuit.Thisisa signiflcantomission.Reason[20],
Perrow [19],Leveson[17]allarguethatanalystsm usttracetheorganisationalfactorsthatcreate
the’conditionsfordisaster’.Such problemscanbe avoidedby extendingthecausalchainback
tothe’primitive’conditionsforan accident:

AirCircuitMaintenance Error; WaterinAirCircuit (23)

Thisraisestheproblemofwhen tostoptheformalisationprocess.Additionalclausescanbe
introducedtorepresentthereasonsforthemaintenancefailure.The ; operatormightthenbe
usedtorepresentthecausesforthereasonsthatliebehindthemaintenancefailureandsoon.
Inpractice,thedecisiontoendtheformalisationprocessdependsupontheskillandexperience
oftheanalyst.The importantpointhereisthattheconstructionofthecausalsequenceforces
analyststoexplicitlyconsiderthecatestrophiceventsthatframean accident.

ItisalsoimportanttonotethattheelementsofCatastrophicConditionsmakenodistinction
astothesourceofthe‘failure’.Inkeepingwiththetitleofthispaper,weareequallyconcerned
tomodelbothhuman ‘error’andsystem‘failure’.However,itisentirelypossibletorepresent
difierentcategorieswithinCatastrophicConditions:

Operatorerror
4
= WaterinAirCircuit_ EmergencyValvesClosed

_LetDown Open_ EmergencyPumps Ofi (24)
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Thiscategorisationmight be furtherreflnedtoidentifythoseeventsthataretheside-efiects
ofoperatortasks,EmergencyPumps Ofi,aswellasthosethataretheresultofovertfailures,
such asWaterinAirCircuit,ormistakesbasedupon a misreadingofavailableevidence,such
asLetDown Open.Such ananalysiswouldeasilymap ontoReason’staxomony oferror[20].It
isalsopossibletoextractthosecriticaleventsthatwereduetosystems‘failures’:

Systemfailure
4
= ReliefValveFailure (25)

The previousclausesillustratethepoint thatTLA doesnotprovidea panaceaforaccident
analysis.Itisentirelypossibletodisagreewithourclassiflcationofhuman ‘error’and system
‘failure’.Forinstance,thefactthatoperatorscouldincorrectlyopentheletdown valvesmight
be viewedasa systemfailureratherthanan operatormistake.The notationdoesnotreplace
thevaluejudgementsandskill-baseddecisionsthatm ustbeemployedtoidentifycriticalevents
fromthemassofbackgrounddetail.Similarly,itdoesnotprovideany automaticmeansof
distinguishingtheelementsofOperatorerror fromSystemfailure.

Itmay alsobenotedthatthereisnotuniversalagreementamongstthosereportinguponthe
accidentaboutitscauses.Forexample,Fremlinhascitedthepossibility ofademineralizererror
asthecauseoftheThreeMileIslandaccident[7].Thisproblemoccurswithinaccidentreports
wheredifierentchaptersre ecttheinterestsofseparateanalysts.W einvestigateinconsistencies
betweenreportsintheforthcoming[22].W e arehere,however,attemptingtoformaliseand
establishconsistencywithina singlereportonly.

4.2 Reflning CatastrophicEvents

Clausessuch as(21)and(22)aremoredetailedthanthegenericmodelforconcurrentprograms
andaccidentanalysisintroducedin(3).Unfortunately,theyarestillnotata levelthathuman
factorsanalystsand programmersmight usetoguidethedevelopment offutureapplications.
Thisproblemcanbeaddressedby representingthechangesthatcriticaleventscausetoprocess
parameters.Forexample,theintroductionofliquidintotheaircircuitcauseditsductstobecome
waterlogged.The valueofparticularvariables,such asaircircuitstatus,canbedirectlyrelated
tothesensorreadingsthatm ustbepolledby controlprograms:

WaterinAirCircuit1
4
= (aircircuitstatus= clear)^ (aircircuitstatus0= waterfllled)

Itisimportanttoemphasisethatcriticaleventswill,typically,havenoimpactuponmostofthe
variablesina system.Thiscanbe representedby introducing,Unchanged(Var=S),toindicate
thatallvariablesinthesystemnotinthesetS areunchangedby a specifledaction:

WaterinAirCircuit
4
= (aircircuitstatus= clear)^ (aircircuitstatus0= waterfllled)

^Unchanged(Var=faircircuitstatusg)

The failureofthereliefvalve wasanothercatastrophiceventthatcontributedtotheaccident.
Thisevent had no impactupon therestofthesystemapartfromcausingthevalve tofail.
Again,thisillustrateshow theabstractionsofformalnotationscanbe usedtoscope orframe
theimpactofcriticalfailures:

ReliefValveFailure
4
= reliefvalvestatus0= faulty

^Unchanged(Var=freliefvalvestatusg)
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The previousclauserepresentstheimpactofa hardwarefailure.Itisalsopossibletorepresent
theimpactofoperator‘error’ina similarmanner. Forexample,thedisablingofthehigh
pressurecoolantpumps playeda ma jorpartintheeventsleadingtotheaccident.The pumps
wereswitchedfroma stateinwhich theywereenabledbutofi-linetooneinwhich theyhad
beenturnedofi:

EmergencyPumps Ofi
4
= (hppenabled = o†ine)^ (highpressure pumps0= ofi)

The fourthofthecriticaleventswastheclosureoftheemergencyfeedwatervalves:

EmergencyValvesClosed
4
= ((feedwaterline= open)^ (feedwaterline0= closed)

^Unchanged(Var=ffeedwaterlineg)

The flnalcriticalfactorintheleadup totheaccidentwastheopeningoftheletdown valve in
theprimarycircuit.Thishadtheefiectofcuttingoftheprimarycoolant ow tothereactor:

LetDown Open
4
= (((waterpress= low)^ (letdownvalve0= open))) primary ow0= none)

^Unchanged(Var=fprimary ow;letdownvalveg)

Similardeflnitionscanbe introducedforalloftheeventsthathave beenintroducedinour
formalmodeloftheaccident.Thisisomittedforthesake ofbrevity andtheinterestedreader
isdirectedto[14].Incontrast,thefollowingsectionarguesthattheformalprooftechniques
canbe usedtodeterminewhethercausalsequencescanbe reconstructedfromthefailuresin
CatastrophicConditionsandtheoperatingproceduresinOperatingConditions.

5 Proofsand properties

The formalmodellingofma joraccidentsprovidesa numberofbenefltsforhuman factorsand
softwareengineers.Itavoidstheambiguity thatcanbefoundinnaturallanguagedescriptionsof
causalrelationships.Itprovidesaprecisemeansofframinganaccident.TLA clausescanbeused
todescribetheinitialconditionsforfailure,InitialConditions.A furtheradvantageisthatfor-
malprooftechniquescanbeusedtodeterminewhetherthecausalsequences,describedby; ,can
actuallybeproducedfromtheknown operatingconditionsofthesystem,OperatingConditions,
andthecatastrophicsystemfailuresandhuman errorsinCatastrophicConditions.Forexample,
accidentinvestigatorsmightwanttoprovethatiftheoperatingproceduresatThreeMileIsland
werefollowedthentheintroductionofwaterintotheaircircuitwouldleadtothevalvesbeing
switchedofi.Ifthiswerenotthecasetheneitherourcausalanalysisisincorrect;somethingelse
triggeredthevalves.Or ourunderstandingoftheoperatingconditionsisincorrect:

OperatingConditions) EnabledWaterinAirCircuit; Closed Valves (26)

Where Closed Valvesisdeflnedasfollows:

Closed Valves
4
= acvalves= closed

As inprevioussectionsofthispaper,we canagainrecruitsoftwareengineeringtechniquesto
supportaccidentinvestigation.Inthiscase,we canuseLamport’s(SF1)proofrule[16,page
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22]tohelpusestablishthepreviousrelationship:

P ^ [M ]) (P 0_ Q 0)
P ^ hM ^ Aiv ) Q 0

2P ^ 2[M ]v ^ 2F ) 3 EnabledhAiv
2[M ]v ^ SFv(A )^ 2F ) (P ; Q )

The followingsubstitutionscanbe made betweenourmodeloftheThreeMileIslandaccident
andthetokensinLamport’srule:

P ˆ EnabledWaterinAirCircuitM ˆ N Q ˆ Closed Valves
A ˆ C v ˆ f 2F ˆ SFf(N )

The flrstpremiseofSF1 cannow bewrittenasfollows:

EnabledWaterinAirCircuit̂ [N ]f ) (EnabledWaterinAirCircuit0_ Closed Valves0) (27)

Thisissatisfledtriviallysince,inthiscase,ifEnabledWaterinAirCircuitistruethen
EnabledWaterinAirCircuit0m ustautomaticallybetrue.Thesecondpremisecanbere-written
asfollows:

EnabledWaterinAirCircuit̂ hN ^ Cif ) Closed Valves0 (28)

Thisistruesincewe areassumingthattheinitialconditions,InitialConditions,hold.Conse-
quently,itm ustfollow thataircircuitstatus= waterfllledand subsequentlyfromWCV that
Closed Valves0istrue.The flnalpremisecanbewrittenas:

2EnabledWaterinAirCircuit̂ 2[N ]f ^ SFf(EnabledWaterinAirCircuit)) 3 EnabledCf
(29)

The aboveresultsfromthefactthatWCV ispartofthedisjunctionwhich comprisesC.Conse-
quently,sinceweassumeherethatEnabledWaterinAirCircuitisalwaystruethenWCV m ust
beenabledatsomepoint.By applyingSF1 wethenobtainthefollowing:

InitialConditions) (2[N ]f ^ SFf(C)^ SFf(CatastrophicConditions)))

(EnabledWaterinAirCircuit; Closed Valves) (30)

Finally,weobservethat(30)isisomorphicto

OperatingConditions) (EnabledWaterinAirCircuit; Closed Valves) (31)

Such prooftechniquessuggestfurtherwaysinwhich ourapplicationofLamport’smodelmight
benefltfromsoftwareengineeringtechniques.Forexample,thetransitivity ofthe; relation
suggeststhatcertainsub-chainsinourcausalsequencesmightbe omitted.Inotherwords,if
A ; B and B ; C thenitmay be possibletoomitB altogether.An exampleofthismay
be seenintheabove formalisationwheretheactionClosed Valves,andthevariable,acvalves,
couldbe omitted.The actionoftheaircircuitpumps switchingofi wouldthenfollow directly
fromthewaterbeingintroducedintotheaircircuit.Such formalanalysismightthenbeusedto
remove unnecessarypartsfroman accidentreport.Thisissimilartothewaysinwhich pieces
ofredundantorine–cientcomputercodemay beidentifledandremovedthroughmathematical
analysis.However,thisproposalalsoillustratessomeofthedangersthatarisewhen transfer-
ringsoftwareengineeringtechniquesdirectlyintoaccidentanalysis.The purposeofwritingan
accident reportisnottoproducea minimalaccount butrathertoproducea document that
efiectivelycomm unicatestheweaknessesofprevioussystems.Removingsuch transitive rela-
tionsmay reducethevolumeofan accidentreportbutitcanalsohidelinksthathelpreaders
tounderstandcriticalsequencesofhuman ‘error’andsystemfailure.
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6 Conclusionsand FutureW ork

ThispaperhasarguedthatLamport’smodelforthesoftwareengineeringofconcurrentsystems
canbe usedtosupportthegenerationofaccidentreports.Thisprovidesa numberofbeneflts.
The elementsofLamport’smodelcanbe usedtoidentifygenericrequirementsforaccident
investigations.Inparticular,m ulti-disciplinarydesignteamsm ustagreeuponthestartingpoint
foranaccident,InitialConditions,theanticipatedbehaviourofasystem,OperatingConditions,
and theabnormaleventsthatleadtofailure,CatastrophicConditions. The elementsofthe
modelcanalsobe appliedtostructurethedetailedanalysisoftheeventsleadingtoma jor
accidents.TheTemporalLogicofActionsnotationcanbeusedtoconstructthecausalsequences
ofhuman ‘error’and systemfailurethatleadtodisasters.The ; relationcanbe usedto
explicitlyrepresent theinformalobservationsthatareoftenburiedwithininformalaccounts.
Finally,prooftechniquescanbeappliedtotheelementsofthemodeltodeterminewhetherthe
; relationactuallydoesexplainthecircumstancesleadingtoan accident.

TheworkreportedinthispaperistheinitialproductofanEngineeringandPhysicalSciences
Research Councilprojectintotheformalanalysisofhuman factorsandsystemfailures.Much
remainstobe done.Inparticular,a powerfulapplicationofourapproach isthatitcanbe
usedtodetectinconsistenciesnotonlywithinbutalsobetweenaccidentreports.Forexample,
ourdescriptionoftheThreeMileIslandaccident hasbeendrawn froma numberofsources,
including[2],[7]anddocumentsissuedby theUS President’sCommissionandtheUS Nuclear
RegulatoryCommission.These,inturn,werethedistillationofevidencepresentedtothe
courtsofenquiry. Our formalisationis,therefore,theresultofa seriesofinterpretationsand
simpliflcations.However,thetechniquesthatarepresentedinthispaperprovidea precise
and conciseaccount oftheeventsleadingtoma joraccidents.Itishypothesisedthatsuch
formalisationsmight helptoreducethepotentialambiguitiesthatfrequentlyariseinthese
difierentaccounts.

A furtherbenefltofformalisationisthatitalsoprovidesengineersandanalystswithproof
techniquesthatcanbe usedtoverifycross-viewpointsconsistency. Thisagainillustratesthe
widerapplicationofsoftwareengineeringtechniquesforaccident analysis.The needforsuch
consistencyhasbeenrecognisedby a growingnumberofresearchersinthefleldofsoftware
engineering[6,4].Thisworkisanimportantstartingpointforourfutureresearch.Itisvitalthat
thosewho areafiectedby theaftermathofan accidentareleftwitha consistentviewupon the
implicationsofa report.Thiswillmean,forinstance,thatconsistencyhastobeshown between
nuclearand softwareengineers.Itisalsonecessarytomaintainconsistencybetweenhuman-
computerinteractionspecialistsand thosewho areinterestedinthecomputationalaspectsof
systemsdevelopment.
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