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Abstract

In this paperwe describea tools environmentwhich au-
tomategthe validation and maintenancef a requirments
modelwritten in many-sortedirst order logic. We focus
on: a translator that producesan executableform of the
model;blameassignmentunctions which input batchesof
mis-classifiedests(i.e. trainingexamplesandoutputlikely
faulty parts of the model; and a theoryreviser which in-
putsthe faulty parts and examplesand outputssuggested
revisionsto the model. In particular, we concentate on
the problemsencounteed whenapplying thesetools to a
real application: a requirrmentsnodelcontainingair traf-
fic contol sepaation standads, operting methodsand
airspaceinformation.

1. Intr oduction

A unifying themein theresearclareasf knowledgeen-
gineering requirement&ngineeringandformal methodss
theconstructiorandvalidationof requirementsnodelsrep-
resentedasformal systemgusinglanguagesuchasRML
[7]). Within the knowledgebasedsystemcommunity for-
mal specificatiorhasbeenhailedasproviding a bridgebe-
tweenthe conceptuamodelsof informal knowledgeacqui-
sition methodqsuchaskKADS [1]) andimplementationef
knowledge-basedystemd22], aswell asbeingimportant
in the verificationandvalidationof KBS [15]. Evenin ar
eassuchasAl Planning.the constructiorandvalidationof
adomainmodelis recognisedhsa critical steptowardsthe
constructiorof afinal system[13]. Within Software Engi-
neeringit hasbeenarguedthatthe useof formal specifica-
tion andformal methodscanproducemary advantagegor
systemdevelopment.Establishinga detailedsetof require-
mentsn suchapreciseform supportsautomatecnalysiof
thoserequirementwia logical deduction,or in somecases
prototyping. The potentialfor automationof the software

developmenprocesstartingwith aformalmodelis empha-
sisedby for exampleShav andGaineq19]. Herethey de-
scribetheadwantagesn 3 parts,asa move towardsproof of
correctnessf implementationssimulationof requirements
to supportspecificatiordevelopmentandautomatiogener
ationof efficientimplementationsThishasbeenbacledup
by a numberof large-scaleapplications,especiallyin the
safety-criticalareaqfor exampleseereferencg10]).

Given that the productionof a precise,abstractdomain
modelis desirable,a prime concernis the validationand
maintenancef themodeli.e. ensuringthatit is keptaccu-
rateandcomplete.Validationof a formal modelhasprob-
lemsandadwantagesit maybeharderfor anon-computing
professionalo understandandbemoredetailedthanacon-
ventionalrequirementslocumen{17]. Ontheotherhand,
theformality bringswith it theopportunityfor powerfultool
support,in particular animation[16]. In ary case,;sucha
model can never be consideredself-evidently correct,and
it mustgo througha processwvherebyit is adjustedor re-
finedto beafaithful representationf thedomain(or of the
mediatingspecification in the terminologyusedin refer
ence[19)).

The work reportedherehasbeencarriedout anddriven
by a particularapplication- the initial capture,validation
and maintenancef the knowledgeintensve requirements
of an air traffic control system. The requirementgepre-
sentthe separatiorcriteria and conflict predictionmethod
for air traffic managemenin the North EastAtlantic. The
correspondingnodelis written in mary-sortediogic!, and
hasbeenencasedn a tools ervironmentwhich, to some
extent, automateghe validationand maintenancerocess.
To achieve this, we have hadto overcomethe problemsof
fielding tools originatingfrom the areaof Artificial Intelli-
gence.

The paperis organisedasfollows. In section2, we will
give abrief introductionto theapplication anddescribethe

Lit is recordedn the ‘Formal MethodsEuropeApplicationsDatabase’
website http://wwwcs.tcd.ie/FMEandits initial captureandtool support
aredetailedin referencg14]



formal modelthatwascreatedo represenit. In section3
we describethe centraltool in the ervironment,an anima-
tor which translateshe modelinto anexecutabldorm, and
allows oneto ‘test’ the requirementsln section4, we de-
scribethe blameassignmentand theory reviser functions,
which input batchesof training examples,dentify partsof
the modelthatare mostlik ely to be faulty andoutputsug-
gestiondor revisionsto themodel. In section5, we briefly
discusotherprocessethathave beenusedto remove bugs
from themodel.

2. The ATC Domain Model
2.1 General Description

Air traffic in airspaceover the easterriNorth Atlantic is
controlledby air traffic controlcentresn Shannon|reland
andPrestwick Scotland It is theresponsibilityof air traffic
control officersto ensurethat air traffic in this airspacds
separatedh accordancevith minimalaid down by the In-
ternationalCivil Aviation Organisation.Centralto the air
traffic controltaskarethe processesf conflict prediction—
thedetectionof potentialseparatiowiolationsbetweerair-
craftflight profilesandconflict resolution- the planningof
new conflict free flight profiles. The controllershave tool
assistancevailable for their tasksin the form of a flight
dataprocessingsystemwhich maintainsdetailedinforma-
tion aboutthe controlledairspace,ncluding for example
detailsof all aircraftin anairspaceandtheir proposedlight
profiles,organisedrack systemsandweatherpredictions.

The aim of our initial developmentwork was to for-
maliseandmake completethe requirement®f the separa-
tion standardsvith respecto the specifictaskof predicting
andexplainingseparatiowiolations(i.e. conflicts)between
aircraftflight profiles,in suchawaythatthoserequirements
could be rigorouslyvalidatedand maintained. Eachflight
throughthe region hasanassociatedprofile’. A specifica-
tion of a profile consistf a sequencef (roughly)five or
six ‘straight line’ segments,aswell asthe call sign, type
andcertaincharacteristicef the aircraft. Eachsegmentis
definedby a pair of 4 dimensionalpoints, and the Mach
number(i.e. speed}thattheaircraftwill attainwhenoccu-
pying the sgment. Two differentprofilesadhereo separa-
tion standard#f they areeithervertically, longitudinallyor
laterally separatedTo copewith the volume of air traffic,
controllersdrawv up an‘organisedrack system’in advance
for eachday This is usedby the majority of aircraftand
ensurewerticalor lateralseparatiorfior aircrafton different
tracks. Aircraft onthe sametracks,however, arenotthere-
fore vertically or laterally separatedandmustbe separated
longitudinally.

This requirementanodel is intendedto contrikute to-
wardstherequirementspecificatiorfor a decisionsupport

systemfor air traffic controllers. Relatedwork in formal-
isation of air traffic control criteria is describedin refer
encel6], whereatakular style of specificatioranda variant
of higherorderlogic is used.

2.2 Producinga CustomisedModel

An important criteria in developing a requirements
modelis to keepthe ‘semanticgap’ betweenapplication
and model as small as possible. This allows the model’s
notation,or an equivalent‘pseudo-naturalanguageform,
to beunderstandabl® non-computingrofessionalgover-
comingat leastto someextentLevesonet al’s criticism of
the use of formal systemsin requirementsanalysis[10]).
We choseMany SortedFirst Orderlogic (hereabbreviated
to ‘msl’) to encodethe modelfor a numberof reasonsge-
tailedin [14]. As mslis a very generallanguagewe cus-
tomisedit chiefly throughthe imaginative and preciseuse
of syntacticconstructsin our ATC model,all theterminol-
ogy was chosento fit in with the sourceterminology and
our resultingmodelis readableand understandablby air
traffic controllerg.

Themodelwasconstructeantwo levels,anobjectlevel
that reflectsthe tangible requirements,and a meta-level
which includesinformation aboutthe modeland the lan-
guageit is writtenin.

(1) The object level consistof a setof msl axioms,di-
rectly describingthe objects,objectclassesfunctionsand
relationsin the domain. The structureof theseaxiomsis
shavn in Figurel - generallythe predicatesandfunctions
usedin the higherlevelsaxiomshave their definitionat the
samelevel or atalowerlevel, hencethe modelis hierarchi-
cal in nature. As shown in the figure, axiomsare usedto
definethe domainobjectclassegi.e. thesortsin msl) serv-
ing asprimitivesin the model,aswell asthe higherlevels
containingrelationsbetweenand functionsof the domain
objects,andfactualinformationspecificto the application.
A typical instanceof the requirementsnodelcontainsover
2000 axioms- over 300 non-atomicaxioms(levels 1,2,3,
and5 in the figure), 200 atomicaxiomscontainingpersis-
tent airspaceinformation, and the remainingaxiomscon-
tainingtransientaircraftandaircraftprofile data(level 4 in
thefigure).

Levels1,2,3,5andthenon-transienairspacenformation
is collectively referredto asthe the ‘CPS’ (conflict predic-
tion specificationjndis encaseth documentedilesshavn
in Figure2. An axiomfrom the Auxiliary setis givenin
Examplel togethemwith its Englishparaphraselt defines
ageometricatelationbetweerpartsof anaircraft’s profile,
andwe will useit throughoutherestof the paper

2thoughthey foundourlower level objectandgeometricahxioms- not
surprisingly- quitetediousto read



1. Conflict Prediction Method Axioms

Y

2. Separation Criteria Axioms

Y

3. Auxiliary Axioms

4. Persistent Airspace Axioms

/\

4 Transient Airspace Axioms

\/

5. Domain Object Axioms

Figure 1. Axiom Structure in the Requirements Model.

"(Segnment1 and Segnent2 are_after_a_conmon_pt _
fromwhich_profile_tracks_are_sane_thereafter)
=> [ (the_aircraft_on Segnentl
precedes_the_aircraft_on Segnent2) <=>
E Segnent3 [ (Segment3
bel ongs_to the_Profil e_contai ni ng( Segnent2)) &
the_entry_2D pt_of (Segnent3) =
the_entry_2D pt_of (Segnentl) &
the_exit_2D pt_of (Segnent3) =
the_exit_2D pt_of (Segnentl) &
(the_entry_Ti me_of (Segnent 3)
is_later_than the_entry_Ti ne_of (Segnment1)) ]]

Exanmple 1

Example2 is anatomicaxiom,which is takenfrom the
transientaircraft data, that definesa segmentof a profile
associateavith anaircraftwith callsign‘AAL139’ to fly at
Mach0.8at 39,000feet.

(2) Themeta-modelis composedf (a) the precisesyn-
tacticspecificatiorof all thephrasegandatomsin themodel
(b) amappingbetweerthe phrasesandatomsandtheir nat-
ural languageequvalent(c) a validity level of eachaxiom.
Parts (b) and (c) of the meta-modehre explainedin later
sectionsPart (a) is themaincomponenbf the meta-model
andconsistf a setof grammarrules(written in Prolog’s
grammarrule form) containingthe syntacticspecifications
to dowith constantsyariablesfunctionsandpredicatesas

‘For any two segnents Segnentl and Segnent 2,
in the case where Segnentl and Segment?2 occur
after a common point fromwhich the tracks of
their profiles are the sane,
we say that the aircraftl on Segnentl precedes
the aircraft2 on Segnent2
if and only if
there exists a Segnment3 in the Profile
cont ai ni ng Segment 2
such that
Segnent 1 and Segnent 3 have the
sane entry and exit points,
and
aircraft2 enters Segnent3 later than
aircraftl enters Segnentl.’

Exanpl e 1 (paraphrased in structured English)

well asthegeneraphrasesyntaxof the customisednsllan-
guage. This grammaralso forms one of the tools in the
ervironment(it is part of tools msREF and msRVF) as
the Prologinterpreteranimatest to form a parserfor the
model. The grammatris two level: thetop level is model-
independentdefiningthe logical connectes,whereaghe
lower level containsthe concretesyntaxwhich customises
the model. Example3 is a rule that definesthe syntaxof
the mixfix predicateusedin Examplel, where Segmentl
andSegment2arecorrectlyformedtermsof theobjectclass



"(the_Segnent (profil e_AAL139 1,

59 N; 010 W; FL 390 ; FL 390 ; 11 37 GMr day O,
61 N; 020 W; FL 390 ; FL 390 ; 12 26 GMI day O,

0.80) belongs_to profile_AAL139_1)"
Exanpl e 2

atom c_formul a(the_aircraft_on_segnment 1_precedes
_the_aircraft_on_segnment 2( Segrment 1, Segnent 2)) -->
["the_aircraft_on'], term(’ Segnent’, Segnment1),
[ precedes_the_aircraft_on'],

term(’ Segnent’, Segnent2), !.

Exanpl e 3

term(’ Segnment’,the_Segment (Profile, FourD pt1,

Four D_pt 2, val)) -->
["the_Segment’], ['('], tern('Profile ,Profile),
[",'1, term(’4D pt’, FourD ptl), [','],
term(’ 4D _pt’, FourD pt2),[’,’], val _termVal),

()1t

Exanpl e 4

‘segment’, definedin anotherpart of the grammar Text
appearingditerally in the model appearsn squarebrack-
ets. Eachlegal form of eachobjectclassis alsoenumer
atedhere,for examplethe syntaxrule thatdefinesSegment
(whichwasusedin the Example2) asanaggreyateof other
classess shovn in Example4.

3. Animating and Testing the Requirements
Model

Validatingandmaintainingaformalrequirementsnodel
is a complex and a repetitive task,and so automatedools
to assistthe processare consideredessential. The method
we adwocateis iterative - the inputsto the validationtools
are sourcedocumentsontainingthe model (shown in the
upperdashedox of Figure2). Additionally, ‘training data’
in theform of testdata,andspecificqueriesandproperties,
expresse@stheoremsarerequired.

The outputsof the processeslescribedbelow areanal-
ysis reports,and suggestiongor revisions. Revisionsare
carriedout if noneof the validation processeidicatesa
bug in, or a bug resultingfrom the revision; revisionsare
carriedout by changingone or more of the CPS5 formu-
las,thecomponentsf themeta-modelandtheirassociated
documentation.

In the following sectionswe will describeoneiteration
in the processandthetoolsusedto assistin this. In doing
sowe will concentraten thegeneratoolsandonly briefly
describeoolsthatarespecificto the ATC application(e.g.
datapreparatiorandgraphicalsimulation).

3.1 The Animator

Raw testdatais translatednto msl usingthe data2msl
processformingthetransientircraftandairspacenforma-
tion (Example2 is anexampleof anaxiomgeneratedrom
theraw data). In the ATC application,a batchof testdata
representshe historic datafor severalhundredclearedair-
craft profilesdescribingflight plansacrosshe the Atlantic
on acertainday Likewise,the documentedheoryis pro-
cessednto a streamof formulasby tex2msl

The tool labelledmsI2EFin Figure 2 is vitally impor-
tantasit produces faithful operational form of the model
(EF in msl2EFmeans'execution-form’)which is usedin
the testingandtheoryrevision processesliscussedelow.
ThemodelenteramsI2EFasa streanmof formulas,andeach
formulais checled sequentiallyagainstthe stringentsyn-
tactic definition residingin the meta-model.If the syntac-
tic checkingprocesgassesvithout error, thenthe transla-
tor continuedy translatingheformulainto a clausaform,
respectinghe syntacticcorventionsof Prolog. The trans-
lator ensureghat eachclauseform logically follows from
theoriginal axiomin the CPS.Formulaswrittenin the cus-
tomisedmsl are not restrictedlogically, in the sensethat
variablesfrom objectclassesan be universally and exis-
tentially quantifiedover sorts,negationandthe usuallogi-
calconnectvescanbeusedandnestedo anarbitrarydepth,
and terms may contain function symbolsto an arbitrary
depth. Thereare somerestrictions,however, to do with
translationcorvention,andthe compositiornof sorts:

(1) A formula musttranslateto clause(s)containingat
leastonepositive literal. Whereaformulacontainsan‘ <,
it is assumedo be definitionalin its left handside. In this
casethe ‘<’, will betranslatedto a‘<’. If aformula’s
clausalform containsmorethatonepositive literal, the left
mostpositive literal will be chosenasthe headof the re-
sulting clause.The otherpositive literalswill appeaiin the
clauses bodyin negatedform.

(2) Existentially quantified variableswill be opera-
tionalisednaturallyby ‘generateandtest’. This meanghat
an existential quantifiermust be succeededy a relation
or value constructorin the original formula. This form of
guantificationhasto be restrictedto appropriatesorts, so
thatwhenthe outputclauseis executed pbjectsof thevari-
ables sortaresystematicallygenerated.

Functiondefinitionsare translatednto relationsby the
creationof matchingpredicateswith an extra slot. Sim-
ilarly, nestedfunction applicationsin predicatearguments
are‘unpacked’ automaticallyinto extrapredicatesvhichre-
turnintermediatevalues.

Theoperationaform of theauxiliary axiomgivenin Ex-
amplel, thatwasgeneratedby msI2EF illustratessomeof
thesepoints,andis shavn in Example5 below.
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the_aircraft_on_segnentl_precedes_the_aircraft
_on_segnent 2( Segrment 1, Segnent 2) : -

are_after_a_common_pt _fromwhich_profile_tracks

_are_sane_t hereafter(Segnent 1, Segnent 2),
the_Profil e_containing(Segnent2, Profilel),
Segnent 3 bel ongs_to Profilel,
the_entry_2D pt _of (Segnent 3, Two_D pt1),
the_entry_2D pt_of (Segnment 1, Two_D pt2),
sane_2D pt(Two_D pt1, Two_D pt2),
the_exit_2D pt_of (Segnment 3, Two_D pt 3),
the_exit_2D pt_of (Segnent 1, Two_D pt4),
sanme_2D pt (Two_D pt 3, Two_D pt4),
the_entry_Ti me_of (Segnent 3, Ti nel),
the_entry_Ti me_of (Segnent 1, Ti me2),
Tinel is_later_than Tinme2, !.

Exanple 5

Note the generationof intermediatevariablesto deal
with the lack of function evaluationin Prolog. Functions
suchas'the_entry_2D_pt_of’ translatanto predicatesand
valuesof the existentially quantified' Segment3’aregener
atedby theProloginterpreteifrom all thosesegmentssatis-
fying the'belongs. to’ relation.

3.2 Testingthe Model usingits EF

Executingan ATC Simulation

Raw, historicaltestdatais translatedby data2mslinto
msl, then translatednto EF by msI2EF, and input to the
TestHarnesgasshowvn in Figure2) asa seriesof datasets,
eachsetrepresentinghe characteristicef a clearedflight
profilespassinghrough'Shanwick’airspaceThisassumes
that the order of the input of profiles reflectsthe order
in which they were clearedby air traffic control officers.
The Test Harnessexecutesthe definition of main rela-
tion repeatedly systematicallycheckingpairs of profiles
(below this predicatas referredo asthe‘conflict relation’):

‘profiles_are_in_oceanic conflict(P1,51,S)’

Each profile P1 is comparedwith all® other profiles,
P. For givenPlandP, if thisrelationis

—true, thereareat leasttwo segments(S1from P1,and
S from P) thatarein conflict, in which caseP1andP are
deemedo bein conflict

— false thenthe P1andP are separatedo the required
standardaccordingo the CPS.

Mismatchesbetweenthe expectedresultandthe result
returnedby the CPSin EF form drivetherevision processes
explainedbelow.

Executing SpecificQueries

Sin fact,for agiven P1,we limit thisto theN chronologicallyprevious
profilesclearedbeforeP1. If N = 20, andtherewere500 profilesto clear
in aday’'s worth of data thenthis would give slightly lessthan10,000runs
of themainrelation

A setof queries(which are‘distinguishedtests’)canbe
built up over the lifetime of the model. A testqueryis a
pair:

(Query Result)
whereQueryis written asa formulain msl, andits Result
is either'True’ or ‘False’dependingon whetherthe Query
is deemedrue or not accordingto ATC requirementsAn
exampletestqueryis:

((47N;008W is_on_the_Shanwick OCA_boundary),

True)
After the EF of a Queryhasbeenexecuted,ts resultis
classifiedasfollows:

Pai r: CPS Result: Classification:
(Query, True) True Truely Positive
(Query, True) Fal se Fal sel y Negative
(Query, False) True Fal sely Positive
(Query, False) Fal se Truely Negative

Queriesmay consistof calls to the conflict relation, or of
ary otherlower level predicatesor functionsin the model.
In this way testqueriescanbe usedto testany part of the
CPS,andtheresultsof thesetestsarestoredreadyfor input
to thecodeanalysisprocesexplainedbelov. ATC simula-
tion describedaborve is thusa specialcaseof queryexecu-
tion, with theclausalform of atestquerybeing:
( profiles_are_in_oceanicconflict(P1,51,S) False)

whereS1, S areexistentially quantifiedover the Segments
sort,andPlandP areprofile identifiers.

4. Automated Debugging and Maintenance of
the RequirementsModel

4.1 The Revisable Theory

If a testrun has producedmisclassificationsthe En-
velopingProcessanbe executed. This inputsthe clauses
making up the CPSandthe transienttestdatain EF, and
outputswhatwe call the RevisableTheorydenotedCP .
Thisin an‘enveloped’form of EF, whereevery clauseC in
thetheoryhastheform:

fact(C, index, validity level)
whereindex identifiesthe clause andvalidity level is either

—‘shielded’,meaninghe clauseis to beleft unchanged,
or

— 'revisable’, meaningthat the clauseis a candidateor
change.

— ‘unrevisable’, meaningthat the clauseandall its goal
definitionsareto beleft unchanged.

The validity level of a clauseis the sameasthe axiom
from which it originatedin the CPS,andis heldin partof
themeta-model.

The Code Analyser executesCP &t using techniques
basedon meta-interpretatior21]. For individual test



Form a setof pairsP of theform ‘(i, 0)’,
wherei rangesovertheindicesof the clausesn CP%r;
for eachfalselypositive instance:
generate prooftree;
for eachclauseinstanceC in theprooftree:
obtainC'sindex j;
overwrite(j, n) in Pwith (j, n+ 1)
endfor
endfor

Figure 3. Outline of Blame Assignment Algo-
rithm

runs where a goal predicatesucceedsthis processpro-

ducesan ExplanationAnalysis file (seeFigure 2) using
anexplanation-basedeneralisatiotechniquederivedfrom

that publishedin [9]. Whereagevision techniquesn the
KBS communityhave beenusedin a kind of incremental
fashion(e.g. asin the MOBAL system[20] or the KRUST

system[4]), our main effort hasbeendirectedtowardsthe
useof the automatedanalysisof a batchof proof treesof

successfupredicatesandin the caseof unsuccessfypred-
icates theanalysisof failuretraces.

4.2 Blame Assignment

Themainpartof the CodeAnalysisprocesss blameas-
signmenti.e. the useof successfuproof trees(andfailed
proof traces)to indicate the parts of the CP%y that are
likely to befaulty. Theuseof revisable/shielded/unwsable
distinctionabove meanghat proof treesare truncatedand
prooftreesof predicateslefinedby shieldedor unrevisable
clausesare not recorded. Factualaxioms,axiomsthat are
consideredoundthroughexhaustve visualinspectionand
numericfunctionsimplementedvia the Prologinterpretey
areall labelledin the CPSasshielded HenceExamplel is
revisable wherea€gExample? is shielded.

A simpleblameassignmendlgorithmfor falselypositive
instancess shown in Figure3. This algorithmterminates
indicatingthemostlikely clausefor revisionastheonewith
index j, where(j, n) € P andn is the maximumvalue
recorded. Standardmeta-interpreterfor generatingproof
trees,however, arerestrictedto definite programg[3, 21],
andcannotcopewith programswhich includenegative lit-
erals. We requireda techniquewhich could generateroof
treeswhich explicitly represennegationin generallogic
programs. To copewith the expressienessdemandedy
therealapplicationwe extendedthe meta-interpretetech-
nique for proof tree generationto negative literals. This
extensionwas basedon Clark’s notion of the completion
of a generallogic program,which he introducedto jus-

the_mn_vertical _sep_Val _in_feet_required_for(
Fl'i ght _I evel 1, Segnent 1, Fl i ght _I evel 2, Segnent 2,
2000) : -
are_subj ect _to_oceani c_cpr (Segment 1, Segrent 2) ,
(both_are_fl own_at _subsoni c_speed( Segnent 1,
Segnent 2),
one_or_both_are_above(Flight_| evel 1, Fl i ght _| evel 2,
f1(290))

one_or_both_of _are_fl own_at _super soni c_speed(
Segnent 1, Segnent 2),

one_or_bhoth_are_at_or_bel oW

Flight _level 1, Flight_level2,fl(430)) ),!.

Exanpl e 6

tify the useof negationas failure rule [5]. In our work,
the explicit representatiof negative clausess achiesed
by first unfolding negative literals and then transforming
themusingDe Morgan’s laws (the technicaldetailscanbe
foundin [23]). In consequence blamealgorithmwhich
takesinto accountnegativetrees’is moreaccuratéhanone
in which negationis automaticallyshielded. In contrast,
Wogulis [24] hasdevelopeda systemthat canrevise first-
ordertheoriescontainingerrorswithin the scopeof a nega-
tion; howevertherearenot suficient detailsin the paperto
determinewhetherit will scaleup coverourapplication.

As anexampleof blameassignmentye describean ex-
perimentcarriedout to updatethe CPS.Theseparatioreri-
teriafor aircraftprofilesin the Atlanticis updatedrom time
to time, for exampleto take into accountnew navigational
aidsandequipmentRecentlya certainclassof aircrafthave
beenallowedto fly with a‘reducedseparationbetweercer
tain flight levelsi.e. the vertical separatiorcriteria have
beenrelaxed, meaningthat the conflict relation hasbeen
specialisedin a machinelearningsense). We obtaineda
day’'sworthof flight profiles,clearedusingthis new criteria.
After abatchrun of 5040profilecomparisonsisingthecon-
flict relation,we obtained6falselypositivesresultingfrom
the mismatchin vertical separatiorcriteria. The blameal-
gorithmwasrunwith the negative examplesandpinpointed
severalclausesvherethatwerelik ely to befaulty. Onewas
the clausedefiningthe vertical separatiorcriteriafor 2000
feet,shavnin Example6. This clausewastheninputto the
theoryrevision processliscussedbelow.

4.3 Theory Revision

Animation shavs the presenceof bugs, blame assign-
mentindicatesthe likely part of the theoryin which they
reside,andtheoryrevision (TR) minimally updateghethe-
ory to eradicate¢he bugs. Theserevisionsarethenusedby
anengineetto help update(with resultsfrom othervalida-
tion tools)therequirementsnodel.

A TR algorithmsystematicallyjusesTR operatorsto al-
ter a clauseby adjusting,removing or replacingthe liter-



als making up that clause[25, 18]. Threesimple TR op-
eratorsare‘deleteclause’,'deleteantecedentand‘add an-
tecedent’ An exhaustie searctstratgly whichexploresthe
effect of revision operatorswould obviously falter due to
the immensecombinatoricsof the processand even with
fairly restrictve assumptiongsecentheoreticaresearctinas
shawvn thattheoryrevisionis hard[8, 2].

Our experimentswith algorithmsinvolving the use of
simple TR operatorsconfirmedthe compleity problems,
but afterintroducingsomegenerabssumptionsve achieved
a certain amountof experimentalsuccess. Firstly, the
shieldingprocessallows partof thetheoryto be heldfixed.
Outthe 2000clausesr so makingup CP&r, we typically
keptthe‘top’ 122clausesevisable (thesedefinedthe most
comple relationswherebugswere mostlikely to be)and
the restwere shielded. Secondly we implementeda form
of focussedevision, wherebythe revisions could only be
carriedout to ordinal literalsonly, i.e. thoseliteralswhich
specifya relation betweenobjectsof an orderedsort. De-
tails of thefocusedevision canbefoundin referencd12));
we presenasummaryhere.

Associatedvith eachordinal sortis a binary, transitive,
ordering relationship(predicate)we call ‘>’. The CPS
containsover 200 instancesof suchgeometrical,ordered
relations, and these often make up the most comple
conditions.Example6 containgwo suchliterals,

‘one_or_both_are_above’
‘one_or_both_are_at_or_below’.

EachclauseC in the CP&f hasits variabledomain:
Xy X oo x Xgx Dy x...xDm,n,m>0.

whereeachX; is an ordinal sortandeachD; is a nominal
sort (viz. not ordered). If we factor out the X; from the
D; componentsthenfor eachclause andfor eachtupled
of values(d, . .., dy), thereis definedann dimensionate-
gionR(d) adomainof applicabilityof theclause Sincethe
clausesnay involve disjunction,thentheremay be several
differentvaluesof d associatedavith a clause.Thusregion
R(d) associatedvith aclauseC is populatedby n-tuplesx
of Prologvariableswhereeachcomponentariableof x is
ordinal. Revisionsof C consistedf revisionsof its region
R(d) to R'(d) sothatit was populatedonly by correctly
classifiednstancesRevisionsoperatorsvereof two kinds:

Simple operators involve deletion and addition of an-
tecedentdrom a clause,as in corventional TR, al-
though the antecedentsire restrictedto occurrences
of orderrelations. We implementeda TR algorithm
with simpleoperatordasedntheseassumptionsand
foundit capableof spottingandremoving simplebugs
involving revisionsin oneor moreclausesThisis akin

the_mn_vertical _sep_Val _in_feet_required_for(
A B, C D, 2000) :-
(both_are_fl own_at_subsoni c_speed(B, D),
(A is_above fl(290),

(( not__(Ais_at_or_above fl(330))
not__ (A is_at_or_below fl(370)))
not_ (Cis_at_or_above fl(330))

; not__(Cis_at_or_below fl(370)))

C i s_above fl(290),

(( not__(Ais_at_or_above fl(330))
not__ (A is_at_or_belowfl(370))

)
not __ (C is_at_or_above fl(330))

not_ (Cis_at_or_belowfl(370))))

one_or_bot h_of _are_fl own_at _super soni c_speed(
B. D),
(A is_at_or_below fl(430) ;
Cis_at_or_below fl(430) )),!.

Exanple 7

(in 2-D geometricaterms)to examiningreflectionsof
theregion abouta straightline.

CompositeOperators involved identifying a sub-rgion
ATR(d) associatedvith maximumandminimum val-
ues of incorrectly classifiedinstances. AR(d) was
either deletedfrom or addedto R(d) accordingto
whetherthe instancesvere falsely positive or falsely
negative.

Example6 wasrevisedwith a ‘composite’ operator using
the resultsof the blameassignmentliscussedbove. Af-
ter approximately2 daysof processingthe TR algorithm
foundanupdatedclauseC which gave a 100percentaccu-
ragy classificationandis shovn in Example?.

This was an exciting resultasit appeargo encodethe
new criterionfor 2000, effectively excludingtheregion be-
tween33,000feet and 37,000. (Thesewere the minimum
and maximum valuesof flight level variablesassociated
with falsely positive instancef C for subsonicaircraft.)
However, it losesthereadabilityquality of the hand-crafted
model.

5. Conventional Debugging and Maintenance
of the RequirementsModel

While we have concentratedn the last sectionson a
pathto automatediebuggingandmaintenanceyewill here
summarisethe opportunitiesand procedureghat involve
conventionalmethodsandtheir synegy with the moread-
vancedtechniques. In some casesthey uncoveredbugs
which appearin the ervironmentof the CPS,ratherthan
in the CPSitself. The proceduresreasfollows:

(a)modelinspection:;Themodelcanbetranslatedo val-
idation form, usingtool msl2VFshowvn in Figure2. The



mappinggivenin the meta-modelbetweerthe customised
msl syntax,andnaturallanguagejs usedfor this. The VF
producedcanthenbeusedfor visualinspectionby ATC ex-
perts. This is describedn [14], andexperiencehasshovn
that this is most successfuln the initial validationof the
model,andfor removing bugsin thetop level axioms.

(b) test log inspection: the Test Harnessproducesa
recordof eachtestrun, which includesa brief explanation
of everyprofile pairthatis in conflictaccordingo the CPS.
Wherethe pair are classifiedasnotin conflict by experts,
the explanationmay provide cluesto thefaulty partsof the
specification. For example,a percentagef ‘falsely posi-
tives’ werefoundto besobecausehe separatiorvaluewas
only very mamginally beingexceeded.This indicateda bug
in the geometry and currently we suspecthat the CPSs
localflat earthassumptions to blame.

(c) graphicainspection:usingthebatchresultsacollec-
tion of testqueriescanthenbe formulatedwith the aim of
investigatingn greaterdetailthesuspecparts.Thetestlog
file canthenbeinput to a graphicalflight simulationusing
a multi-mediaplatformwhich candisplaythe profilesand
conflictarea,andsimulatethe plannedaircraftflights [11].
This particulartool helpedus spot ‘noisy data’. Inspec-
tion of severalapparentf alselypositives’ usingthedisplay
clearly shaved that the flight profileswerein factin con-
flict. Thebugin this casewastrackeddown to anincorrect
setof flight testdatasuppliedto us.

(d) full explanationanalysis: For individual test runs
where the conflict predicate succeedsthe Code Anal-
ysis processcan produce a generalisedproof tree, us-
ing explanation-basedeneralisationas mentionedabove.
This is usefulfor inspectingthe outcomeof falsepositive
gueriesalthoughsomevhattediousaseventhegeneralised
proof treesare 30 - 40 pagesin length. This did allow us
to spota very subtlebug which resultedfrom the anima-
tion process,and occurredin an auxiliary axiom relating
thespeed®f two aircraft(shavn in ExampleB).

Inspectionof the proof treefor a misclassifiednstance
in the suspectedongitudinal separationclausesrevealed
that ‘the_machna Val_on(Segment)’ wasreturninga float
valuewhenanimatedisingthe Prologinterpreter Asacon-
sequenca comparisonof the form ‘0.0199999.. = 0.02’
wasoccurringwhenthe clausecorrespondingdo this axiom
wasexecuted.

6. Conclusions

We have describedan ervironmentwhich hasbeenused
for thedeluggingandmaintenancef acustomisedequire-
mentsmodelin mary-sortedogic. We have shavn thefea-
sibility of usingadwancedtechniquesuchastheoryrevi-
sionon specification®f the orderof the CPS,althoughwe
hadto copewith problemsof expressvenessn thatwe had

" [ (Segnentl and Segment2 are_after_a_comon_pt _
fromwhich_profile_tracks_are_sane_thereafter)
or
(Segnent1l and Segnent2 are_after_a_common_pt_from
_which_profile_tracks_are_divergi ng_thereafter)
] =>
[ (the_preceding_aircraft_on Segnment1
or_on Segnent?2 is_faster_by Val mach)
<=>
[ [ (the_aircraft_on Segnentl
precedes_the_aircraft_on Segnent2) &
t he_machno_Val _on( Segnent1) -
the_machno_Val _on(Segnent2) = Val ]
or [ (the_aircraft_on Segnent2
precedes_the_aircraft_on Segnentl) &
t he_nmachno_Val _on( Segnent 2) -
the_machno_Val _on(Segnentl) = Val ] ] ]".

Exanpl e 8

to extendtoolsto copewith logic clausesontainingnega-
tion in their bodies,andarbitraryfunctor structureswithin

literals. Also, we hadto overcomethe problemof scalein

theoryrevision usinga focusedversionwhich is restricted
to revising literals representingrderingrelations. In our
currentprojectwe have used(b), (c) and(d) in section5,

togethemwith blameassignmenandtheoryrevision, to cut
theerrorrateby afactorof 20 - from approximatel\200to

10errorsin every 10,000tests.

Problemswith our currentapplicationandtoolsinclude:

—we have concentratedn techniquesnputinga skewed
setof trainingdata.While thenumberof negative examples
of theconflictrelationarevirtually limitless (usinghistoric
records),we could only obtain small amountsof positive
examples.

— althoughthereis a direct mappingbetweeraxiomsin
the CPSandclausesn CPS&F, revisionssuggestedy TR
haveto bere-engineerethto mslform for insertioninto the
CPS.As canbe seenby Example?, the revisionsare not
easilyunderstandable.

Our futurework will concentraten theseproblemsand
the further evaluationof our ernvironment,in particularthe
developmenbf agenericversionfor usewith otherrequire-
mentsmodelsstatedin their own customisedorm of msl.
We alsointendto further explore the limitations and pos-
sibilities of theoryrevision. For example,in the TR pro-
cessone could keepthe whole CPSr shieldedand input
flight profilesthatwerein conflict representedy revisable
axioms. Using theoryrevision appliedto the clausesep-
resentingtheseflight profilesthe reviser might returnnew
clausesepresentingclearecbrofile,i.e. performaprocess
of conflictresolution.
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