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Abstract

In thispaperwedescribea toolsenvironmentwhich au-
tomatesthe validation and maintenanceof a requirements
modelwritten in many-sortedfirst order logic. We focus
on: a translator, that producesan executableform of the
model;blameassignmentfunctions,which inputbatchesof
mis-classifiedtests(i.e. trainingexamples)andoutputlikely
faulty parts of the model; and a theory reviser, which in-
puts the faulty parts and examplesand outputssuggested
revisionsto the model. In particular, we concentrate on
the problemsencountered whenapplying thesetools to a
real application:a requirementsmodelcontainingair traf-
fic control separation standards, operating methodsand
airspaceinformation.

1. Intr oduction

A unifying themein theresearchareasof knowledgeen-
gineering,requirementsengineeringandformalmethodsis
theconstructionandvalidationof requirementsmodelsrep-
resentedasformal systems(usinglanguagessuchasRML
[7]). Within theknowledgebasedsystemcommunity, for-
mal specificationhasbeenhailedasproviding a bridgebe-
tweentheconceptualmodelsof informalknowledgeacqui-
sitionmethods(suchasKADS [1]) andimplementationsof
knowledge-basedsystems[22], aswell asbeingimportant
in theverificationandvalidationof KBS [15]. Evenin ar-
eassuchasAI Planning,theconstructionandvalidationof
a domainmodelis recognisedasa critical steptowardsthe
constructionof a final system[13]. Within SoftwareEngi-
neeringit hasbeenarguedthat theuseof formal specifica-
tion andformal methodscanproducemany advantagesfor
systemdevelopment.Establishinga detailedsetof require-
mentsin suchapreciseformsupportsautomatedanalysisof
thoserequirementsvia logical deduction,or in somecases
prototyping. The potentialfor automationof the software

developmentprocessstartingwith aformalmodelis empha-
sisedby for exampleShaw andGaines[19]. Herethey de-
scribetheadvantagesin 3 parts,asamovetowardsproofof
correctnessof implementations,simulationof requirements
to supportspecificationdevelopment,andautomaticgener-
ationof efficient implementations.Thishasbeenbackedup
by a numberof large-scaleapplications,especiallyin the
safety-criticalareas(for exampleseereference[10]).

Given that the productionof a precise,abstractdomain
model is desirable,a prime concernis the validationand
maintenanceof themodeli.e. ensuringthat it is keptaccu-
rateandcomplete.Validationof a formal modelhasprob-
lemsandadvantages:it maybeharderfor anon-computing
professionaltounderstand,andbemoredetailedthanacon-
ventionalrequirementsdocument[17]. On theotherhand,
theformalitybringswith it theopportunityfor powerful tool
support,in particular, animation[16]. In any case,sucha
modelcannever be consideredself-evidently correct,and
it mustgo througha processwherebyit is adjustedor re-
finedto bea faithful representationof thedomain(or of the
mediatingspecification, in the terminologyusedin refer-
ence[19]).

Thework reportedherehasbeencarriedout anddriven
by a particularapplication- the initial capture,validation
andmaintenanceof the knowledgeintensive requirements
of an air traffic control system. The requirementsrepre-
sentthe separationcriteria andconflict predictionmethod
for air traffic managementin theNorth EastAtlantic. The
correspondingmodelis written in many-sortedlogic1, and
hasbeenencasedin a tools environmentwhich, to some
extent, automatesthe validationandmaintenanceprocess.
To achieve this, we have hadto overcometheproblemsof
fielding toolsoriginatingfrom theareaof Artificial Intelli-
gence.

Thepaperis organisedasfollows. In section2, we will
giveabrief introductionto theapplication,anddescribethe

1it is recordedin the‘FormalMethodsEuropeApplicationsDatabase’
websitehttp://www.cs.tcd.ie/FME,andits initial captureandtool support
aredetailedin reference[14]



formal modelthatwascreatedto representit. In section3
we describethecentraltool in theenvironment,ananima-
tor which translatesthemodelinto anexecutableform, and
allows oneto ‘test’ the requirements.In section4, we de-
scribethe blameassignmentand theoryreviser functions,
which input batchesof trainingexamples,identify partsof
themodelthataremostlikely to be faulty andoutputsug-
gestionsfor revisionsto themodel. In section5, we briefly
discussotherprocessesthathavebeenusedto removebugs
from themodel.

2. The ATC Domain Model

2.1. GeneralDescription

Air traffic in airspaceover theeasternNorth Atlantic is
controlledby air traffic controlcentresin Shannon,Ireland
andPrestwick,Scotland.It is theresponsibilityof air traffic
control officersto ensurethat air traffic in this airspaceis
separatedin accordancewith minima laid down by the In-
ternationalCivil Aviation Organisation.Centralto the air
traffic controltaskaretheprocessesof conflictprediction–
thedetectionof potentialseparationviolationsbetweenair-
craft flight profilesandconflict resolution– theplanningof
new conflict free flight profiles. The controllershave tool
assistanceavailable for their tasksin the form of a flight
dataprocessingsystemwhich maintainsdetailedinforma-
tion aboutthe controlledairspace,including for example
detailsof all aircraftin anairspaceandtheirproposedflight
profiles,organisedtracksystemsandweatherpredictions.

The aim of our initial developmentwork was to for-
maliseandmake completethe requirementsof thesepara-
tion standardswith respectto thespecifictaskof predicting
andexplainingseparationviolations(i.e. conflicts)between
aircraftflight profiles,in suchawaythatthoserequirements
could be rigorouslyvalidatedandmaintained.Eachflight
throughtheregion hasanassociated‘profile’. A specifica-
tion of a profile consistsof a sequenceof (roughly)five or
six ‘straight line’ segments,as well as the call sign, type
andcertaincharacteristicsof theaircraft. Eachsegmentis
definedby a pair of 4 dimensionalpoints, and the Mach
number(i.e. speed)that theaircraftwill attainwhenoccu-
pying thesegment.Two differentprofilesadhereto separa-
tion standardsif they areeithervertically, longitudinallyor
laterallyseparated.To copewith thevolumeof air traffic,
controllersdraw up an‘organisedtracksystem’in advance
for eachday. This is usedby the majority of aircraft and
ensuresverticalor lateralseparationfor aircraftondifferent
tracks.Aircraft on thesametracks,however, arenot there-
foreverticallyor laterallyseparated,andmustbeseparated
longitudinally.

This requirementsmodel is intendedto contribute to-
wardstherequirementsspecificationfor a decisionsupport

systemfor air traffic controllers. Relatedwork in formal-
isation of air traffic control criteria is describedin refer-
ence[6], wherea tabularstyleof specificationandavariant
of higherorderlogic is used.

2.2. Producinga CustomisedModel

An important criteria in developing a requirements
model is to keepthe ‘semanticgap’ betweenapplication
and modelas small as possible. This allows the model’s
notation,or anequivalent‘pseudo-naturallanguage’form,
to beunderstandableto non-computingprofessionals(over-
comingat leastto someextentLevesonet al’s criticism of
the useof formal systemsin requirementsanalysis[10]).
We choseMany SortedFirst Orderlogic (hereabbreviated
to ‘msl’) to encodethemodelfor a numberof reasons,de-
tailed in [14]. As msl is a very generallanguagewe cus-
tomisedit chiefly throughthe imaginative andpreciseuse
of syntacticconstructs.In ourATC model,all theterminol-
ogy waschosento fit in with the sourceterminology, and
our resultingmodel is readableandunderstandableby air
traffic controllers2.

Themodelwasconstructedontwo levels,anobjectlevel
that reflects the tangible requirements,and a meta-level
which includesinformationaboutthe model and the lan-
guageit is written in.

(1) Theobject level consistsof a setof msl axioms,di-
rectly describingthe objects,objectclasses,functionsand
relationsin the domain. The structureof theseaxiomsis
shown in Figure1 - generallythepredicatesandfunctions
usedin thehigherlevelsaxiomshave their definitionat the
samelevel or ata lower level, hencethemodelis hierarchi-
cal in nature. As shown in the figure, axiomsareusedto
definethedomainobjectclasses(i.e. thesortsin msl) serv-
ing asprimitivesin themodel,aswell asthehigherlevels
containingrelationsbetweenandfunctionsof the domain
objects,andfactualinformationspecificto theapplication.
A typical instanceof therequirementsmodelcontainsover
2000axioms- over 300 non-atomicaxioms(levels 1,2,3,
and5 in the figure),200atomicaxiomscontainingpersis-
tent airspaceinformation,and the remainingaxiomscon-
tainingtransientaircraftandaircraftprofile data(level 4 in
thefigure).

Levels1,2,3,5andthenon-transientairspaceinformation
is collectively referredto asthe the‘CPS’ (conflict predic-
tionspecification)andis encasedin documentedfilesshown
in Figure2. An axiom from the Auxiliary set is given in
Example1 togetherwith its Englishparaphrase.It defines
a geometricalrelationbetweenpartsof anaircraft’sprofile,
andwewill useit throughouttherestof thepaper.

2thoughthey foundourlower level objectandgeometricalaxioms- not
surprisingly- quitetediousto read



Conflict Prediction Method Axioms

Transient Airspace AxiomsPersistent  Airspace Axioms

Domain Object Axioms5.

4. 4

3.

2.

1.

Separation Criteria Axioms

Auxiliary Axioms

Figure 1. Axiom Structure in the Requirements Model.

"(Segment1 and Segment2 are_after_a_common_pt_
from_which_profile_tracks_are_same_thereafter)

=> [ (the_aircraft_on Segment1
precedes_the_aircraft_on Segment2) <=>

E Segment3 [(Segment3
belongs_to the_Profile_containing(Segment2)) &

the_entry_2D_pt_of(Segment3) =
the_entry_2D_pt_of(Segment1) &

the_exit_2D_pt_of(Segment3) =
the_exit_2D_pt_of(Segment1) &

(the_entry_Time_of(Segment3)
is_later_than the_entry_Time_of(Segment1)) ]] "

Example 1

Example2 is anatomicaxiom,which is takenfrom the
transientaircraft data, that definesa segmentof a profile
associatedwith anaircraftwith callsign‘AAL139’ to fly at
Mach0.8at39,000feet.

(2) Themeta-modelis composedof (a) theprecisesyn-
tacticspecificationof all thephrasesandatomsin themodel
(b) amappingbetweenthephrasesandatomsandtheirnat-
ural languageequivalent(c) a validity level of eachaxiom.
Parts (b) and(c) of the meta-modelareexplainedin later
sections.Part (a) is themaincomponentof themeta-model
andconsistsof a setof grammarrules(written in Prolog’s
grammarrule form) containingthesyntacticspecifications
to do with constants,variables,functionsandpredicates,as

‘For any two segments Segment1 and Segment2,
in the case where Segment1 and Segment2 occur
after a common point from which the tracks of
their profiles are the same,
we say that the aircraft1 on Segment1 precedes

the aircraft2 on Segment2
if and only if

there exists a Segment3 in the Profile
containing Segment2

such that
Segment1 and Segment3 have the

same entry and exit points,
and
aircraft2 enters Segment3 later than

aircraft1 enters Segment1.’

Example 1 (paraphrased in structured English)

well asthegeneralphrasesyntaxof thecustomisedmsl lan-
guage. This grammaralso forms one of the tools in the
environment (it is part of tools msl

�
EF and msl

�
VF) as

the Prolog interpreteranimatesit to form a parserfor the
model. The grammaris two level: the top level is model-
independent,definingthe logical connectives,whereasthe
lower level containstheconcretesyntaxwhich customises
the model. Example3 is a rule that definesthe syntaxof
the mixfix predicateusedin Example1, whereSegment1
andSegment2arecorrectlyformedtermsof theobjectclass



"(the_Segment(profile_AAL139_1,
59 N ; 010 W ; FL 390 ; FL 390 ; 11 37 GMT day 0,
61 N ; 020 W ; FL 390 ; FL 390 ; 12 26 GMT day 0,

0.80) belongs_to profile_AAL139_1)"

Example 2

atomic_formula(the_aircraft_on_segment1_precedes
_the_aircraft_on_segment2(Segment1,Segment2)) -->
[’the_aircraft_on’], term(’Segment’,Segment1),
[’precedes_the_aircraft_on’],

term(’Segment’,Segment2), !.

Example 3

term(’Segment’,the_Segment(Profile,FourD_pt1,
FourD_pt2, Val)) -->

[’the_Segment’], [’(’], term(’Profile’,Profile),
[’,’], term(’4D_pt’,FourD_pt1), [’,’],

term(’4D_pt’, FourD_pt2),[’,’], val_term(Val),
[’)’], !.

Example 4

‘segment’, definedin anotherpart of the grammar. Text
appearingliterally in the model appearsin squarebrack-
ets. Eachlegal form of eachobjectclassis alsoenumer-
atedhere,for examplethesyntaxrule thatdefinesSegment
(whichwasusedin theExample2) asanaggregateof other
classesis shown in Example4.

3. Animating and Testing the Requirements
Model

Validatingandmaintainingaformalrequirementsmodel
is a complex anda repetitive task,andso automatedtools
to assistthe processareconsideredessential.Themethod
we advocateis iterative - the inputsto the validationtools
aresourcedocumentscontainingthe model(shown in the
upperdashedboxof Figure2). Additionally, ‘training data’
in theform of testdata,andspecificqueriesandproperties,
expressedastheorems,arerequired.

The outputsof the processesdescribedbelow areanal-
ysis reports,andsuggestionsfor revisions. Revisionsare
carriedout if noneof the validationprocessesindicatesa
bug in, or a bug resultingfrom the revision; revisionsare
carriedout by changingoneor moreof the CPS’s formu-
las,thecomponentsof themeta-model,andtheirassociated
documentation.

In the following sectionswe will describeoneiteration
in theprocess,andthetoolsusedto assistin this. In doing
sowewill concentrateon thegeneraltoolsandonly briefly
describetools thatarespecificto theATC application(e.g.
datapreparationandgraphicalsimulation).

3.1. The Animator

Raw testdatais translatedinto msl usingthe data2msl
process,formingthetransientaircraftandairspaceinforma-
tion (Example2 is anexampleof anaxiomgeneratedfrom
the raw data). In theATC application,a batchof testdata
representsthehistoricdatafor severalhundredclearedair-
craft profilesdescribingflight plansacrossthetheAtlantic
on a certainday. Likewise, the documentedtheoryis pro-
cessedinto a streamof formulasby tex2msl.

The tool labelledmsl2EF in Figure 2 is vitally impor-
tantasit producesa faithful operational form of themodel
(EF in msl2EFmeans‘execution-form’)which is usedin
the testingandtheoryrevision processesdiscussedbelow.
Themodelentersmsl2EFasastreamof formulas,andeach
formula is checked sequentiallyagainstthe stringentsyn-
tacticdefinition residingin themeta-model.If the syntac-
tic checkingprocesspasseswithout error, thenthe transla-
tor continuesby translatingtheformulainto aclausalform,
respectingthe syntacticconventionsof Prolog. The trans-
lator ensuresthat eachclauseform logically follows from
theoriginalaxiomin theCPS.Formulaswritten in thecus-
tomisedmsl are not restrictedlogically, in the sensethat
variablesfrom objectclassescanbe universallyandexis-
tentially quantifiedover sorts,negationandtheusuallogi-
calconnectivescanbeusedandnestedto anarbitrarydepth,
and terms may contain function symbolsto an arbitrary
depth. Thereare somerestrictions,however, to do with
translationconvention,andthecompositionof sorts:

(1) A formula must translateto clause(s)containingat
leastonepositive literal. Wherea formulacontainsan‘ � ’,
it is assumedto bedefinitionalin its left handside. In this
casethe ‘ � ’, will be translatedto a ‘ � ’. If a formula’s
clausalform containsmorethatonepositive literal, the left
mostpositive literal will be chosenas the headof the re-
sultingclause.Theotherpositive literalswill appearin the
clause’sbodyin negatedform.

(2) Existentially quantified variables will be opera-
tionalisednaturallyby ‘generateandtest’. This meansthat
an existential quantifiermust be succeededby a relation
or valueconstructorin the original formula. This form of
quantificationhasto be restrictedto appropriatesorts,so
thatwhentheoutputclauseis executed,objectsof thevari-
able’ssortaresystematicallygenerated.

Functiondefinitionsaretranslatedinto relationsby the
creationof matchingpredicateswith an extra slot. Sim-
ilarly, nestedfunction applicationsin predicatearguments
are‘unpacked’automaticallyinto extrapredicateswhichre-
turn intermediatevalues.

Theoperationalform of theauxiliaryaxiomgivenin Ex-
ample1, thatwasgeneratedby msl2EF, illustratessomeof
thesepoints,andis shown in Example5 below.
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the_aircraft_on_segment1_precedes_the_aircraft
_on_segment2(Segment1,Segment2):-

are_after_a_common_pt_from_which_profile_tracks
_are_same_thereafter(Segment1,Segment2),

the_Profile_containing(Segment2,Profile1),
Segment3 belongs_to Profile1,
the_entry_2D_pt_of(Segment3,Two_D_pt1),
the_entry_2D_pt_of(Segment1,Two_D_pt2),
same_2D_pt(Two_D_pt1,Two_D_pt2),
the_exit_2D_pt_of(Segment3,Two_D_pt3),
the_exit_2D_pt_of(Segment1,Two_D_pt4),
same_2D_pt(Two_D_pt3,Two_D_pt4),
the_entry_Time_of(Segment3,Time1),
the_entry_Time_of(Segment1,Time2),
Time1 is_later_than Time2, !.

Example 5

Note the generationof intermediatevariablesto deal
with the lack of function evaluationin Prolog. Functions
suchas‘the entry 2D pt of’ translateinto predicates,and
valuesof theexistentiallyquantified‘Segment3’aregener-
atedby theProloginterpreterfrom all thosesegmentssatis-
fying the‘belongs to’ relation.

3.2. Testingthe Model using its EF

Executingan ATC Simulation
Raw, historical testdatais translatedby data2mslinto

msl, then translatedinto EF by msl2EF, and input to the
TestHarness(asshown in Figure2) asa seriesof datasets,
eachsetrepresentingthe characteristicsof a clearedflight
profilespassingthrough‘Shanwick’airspace.Thisassumes
that the order of the input of profiles reflects the order
in which they were clearedby air traffic control officers.
The Test Harnessexecutesthe definition of main rela-
tion repeatedly, systematicallycheckingpairs of profiles
(below thispredicateis referredto asthe‘conflict relation’):

‘profiles are in oceanic conflict(P1,P,S1,S)’

Each profile P1 is comparedwith all3 other profiles,
P. For givenP1andP, if this relationis

– true, thereareat leasttwo segments(S1from P1,and
S from P) that arein conflict, in which caseP1 andP are
deemedto bein conflict

– false, thenthe P1 andP areseparatedto the required
standard,accordingto theCPS.

Mismatchesbetweenthe expectedresultandthe result
returnedby theCPSin EFform drivetherevisionprocesses
explainedbelow.

ExecutingSpecificQueries

3in fact,for a givenP1,we limit this to theN chronologicallyprevious
profilesclearedbeforeP1. If N = 20, andtherewere500profilesto clear
in aday’sworthof data,thenthiswouldgiveslightly lessthan10,000runs
of themainrelation

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

(Query, Result)
whereQueryis written asa formula in msl, andits Result
is either‘True’ or ‘False’dependingon whethertheQuery
is deemedtrueor not accordingto ATC requirements.An
exampletestqueryis:

( (47N ; 008W is on the Shanwick OCA boundary),
True)

After theEF of a Queryhasbeenexecuted,its resultis
classifiedasfollows:

Pair: CPS Result: Classification:

(Query, True) True Truely Positive
(Query, True) False Falsely Negative
(Query, False) True Falsely Positive
(Query, False) False Truely Negative

Queriesmay consistof calls to the conflict relation,or of
any otherlower level predicatesor functionsin themodel.
In this way testqueriescanbeusedto testany part of the
CPS,andtheresultsof thesetestsarestoredreadyfor input
to thecodeanalysisprocessexplainedbelow. ATC simula-
tion describedabove is thusa specialcaseof queryexecu-
tion, with theclausalform of a testquerybeing:

( profiles are in oceanic conflict(P1,P,S1,S),False)
whereS1,S areexistentiallyquantifiedover theSegment’s
sort,andP1andPareprofile identifiers.

4. Automated Debugging and Maintenance of
the RequirementsModel

4.1. The RevisableTheory

If a test run has producedmisclassifications,the En-
velopingProcesscanbe executed.This inputsthe clauses
makingup the CPSand the transienttestdatain EF, and
outputswhatwecall theRevisableTheorydenotedCPSRT.
This in an‘enveloped’form of EF, whereeveryclause� in
thetheoryhastheform:

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

– ‘shielded’,meaningtheclauseis to beleft unchanged,
or

– ‘revisable’,meaningthat theclauseis a candidatefor
change.

– ‘unrevisable’,meaningthat theclauseandall its goal
definitionsareto beleft unchanged.

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

The Code Analyser executesCPSRT using techniques
basedon meta-interpretation[21]. For individual test



Forma setof pairsP of theform ‘( i ��� )’,
wherei rangesover theindicesof theclausesin CPSRT;
for eachfalselypositive instance:

generatea proof tree;
for eachclauseinstanceC in theproof tree:

obtainC’s index j;
overwrite(j, n) in P with (j, n �	� )

endfor
endfor

Figure 3. Outline of Blame Assignment Algo-
rithm

runs where a goal predicatesucceeds,this processpro-
ducesan ExplanationAnalysis file (seeFigure 2) using
anexplanation-basedgeneralisationtechniquederivedfrom
that publishedin [9]. Whereasrevision techniquesin the
KBS communityhave beenusedin a kind of incremental
fashion(e.g. asin theMOBAL system[20] or theKRUST
system[4]), our main effort hasbeendirectedtowardsthe
useof the automatedanalysisof a batchof proof treesof
successfulpredicates,andin thecaseof unsuccessfulpred-
icates,theanalysisof failuretraces.

4.2. BlameAssignment

Themainpartof theCodeAnalysisprocessis blameas-
signment, i.e. theuseof successfulproof trees(andfailed
proof traces)to indicate the parts of the CPSRT that are
likely tobefaulty. Theuseof revisable/shielded/unrevisable
distinctionabove meansthat proof treesaretruncatedand
proof treesof predicatesdefinedby shieldedor unrevisable
clausesarenot recorded.Factualaxioms,axiomsthat are
consideredsoundthroughexhaustivevisualinspection,and
numericfunctionsimplementedvia the Prologinterpreter,
areall labelledin theCPSasshielded.HenceExample1 is
revisable,whereasExample2 is shielded.

A simpleblameassignmentalgorithmfor falselypositive
instancesis shown in Figure3. This algorithmterminates
indicatingthemostlikely clausefor revisionastheonewith
index j, where (j, n
�� P and n is the maximumvalue
recorded.Standardmeta-interpretersfor generatingproof
trees,however, arerestrictedto definiteprograms[3, 21],
andcannotcopewith programswhich includenegative lit-
erals.We requireda techniquewhich couldgenerateproof
treeswhich explicitly representnegation in generallogic
programs.To copewith the expressivenessdemandedby
therealapplication,we extendedthemeta-interpretertech-
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_min_vertical_sep_Val_in_feet_required_for(
Flight_level1,Segment1,Flight_level2,Segment2,

2000):-
are_subject_to_oceanic_cpr(Segment1,Segment2),
(both_are_flown_at_subsonic_speed(Segment1,

Segment2),
one_or_both_are_above(Flight_level1,Flight_level2,

fl(290)) ;
one_or_both_of_are_flown_at_supersonic_speed(

Segment1,Segment2),
one_or_both_are_at_or_below(

Flight_level1,Flight_level2,fl(430)) ),!.

Example 6

tify the useof negation as failure rule [5]. In our work,
the explicit representationof negative clausesis achieved
by first unfolding negative literals and then transforming
themusingDe Morgan’s laws (thetechnicaldetailscanbe
found in [23]). In consequence,a blamealgorithmwhich
takesinto account‘negativetrees’is moreaccuratethanone
in which negation is automaticallyshielded. In contrast,
Wogulis [24] hasdevelopeda systemthat canrevise first-
ordertheoriescontainingerrorswithin thescopeof a nega-
tion; however therearenot sufficient detailsin thepaperto
determinewhetherit will scaleupcoverourapplication.

As anexampleof blameassignment,wedescribeanex-
perimentcarriedout to updatetheCPS.Theseparationcri-
teriafor aircraftprofilesin theAtlantic is updatedfrom time
to time, for exampleto take into accountnew navigational
aidsandequipment.Recentlyacertainclassof aircrafthave
beenallowedtofly with a‘reducedseparation’betweencer-
tain flight levels i.e. the vertical separationcriteria have
beenrelaxed, meaningthat the conflict relation hasbeen
specialised(in a machinelearningsense).We obtaineda
day’sworthof flight profiles,clearedusingthisnew criteria.
After abatchrunof 5040profilecomparisonsusingthecon-
flict relation,weobtained96falselypositivesresultingfrom
themismatchin verticalseparationcriteria. Theblameal-
gorithmwasrunwith thenegativeexamplesandpinpointed
severalclauseswherethatwerelikely to befaulty. Onewas
theclausedefiningtheverticalseparationcriteria for 2000
feet,shown in Example6. Thisclausewastheninput to the
theoryrevisionprocessdiscussedbelow.

4.3. Theory Revision

Animation shows the presenceof bugs, blameassign-
ment indicatesthe likely part of the theory in which they
reside,andtheoryrevision(TR) minimally updatesthethe-
ory to eradicatethebugs.Theserevisionsarethenusedby
anengineerto helpupdate(with resultsfrom othervalida-
tion tools)therequirementsmodel.

A TR algorithmsystematicallyusesTR operators to al-
ter a clauseby adjusting,removing or replacingthe liter-



als makingup that clause[25, 18]. ThreesimpleTR op-
eratorsare‘deleteclause’,‘deleteantecedent’and‘addan-
tecedent’.An exhaustivesearchstrategy whichexploresthe
effect of revision operatorswould obviously falter due to
the immensecombinatoricsof the process,andeven with
fairly restrictiveassumptionsrecenttheoreticalresearchhas
shown thattheoryrevision is hard[8, 2].

Our experimentswith algorithmsinvolving the useof
simple TR operatorsconfirmedthe complexity problems,
butafterintroducingsomegeneralassumptionsweachieved
a certain amount of experimentalsuccess. Firstly, the
shieldingprocessallows partof thetheoryto beheldfixed.
Out the2000clausesor somakingup CPSRT, we typically
keptthe‘top’ 122clausesrevisable,(thesedefinedthemost
complex relationswherebugsweremostlikely to be)and
the restwereshielded.Secondly, we implementeda form
of focussedrevision, wherebythe revisionscould only be
carriedout to ordinal literalsonly, i.e. thoseliteralswhich
specifya relationbetweenobjectsof an orderedsort. De-
tailsof thefocusedrevisioncanbefoundin reference[12]);
wepresentasummaryhere.

Associatedwith eachordinalsort is a binary, transitive,
ordering relationship(predicate)we call ‘  ’. The CPS
containsover 200 instancesof suchgeometrical,ordered
relations, and these often make up the most complex
conditions.Example6 containstwo suchliterals,

‘one or both are above’
‘one or both are at or below’.

Eachclause� in theCPSEF hasits variabledomain:

X����������� Xn � D ����������� Dm � n � m �����

whereeachXi is an ordinal sort andeachDj is a nominal
sort (viz. not ordered). If we factor out the Xi from the
Dj components,thenfor eachclause,andfor eachtuple �
of values� d � ��������� dm 
 , thereis definedann dimensionalre-
gion ������
 adomainof applicabilityof theclause.Sincethe
clausesmayinvolve disjunction,thentheremaybeseveral
differentvaluesof � associatedwith a clause.Thusregion
������
 associatedwith a clause� is populatedby n-tuples 
of Prologvariables,whereeachcomponentvariableof  is
ordinal. Revisionsof � consistedof revisionsof its region
������
 to �"!#����
 so that it waspopulatedonly by correctly
classifiedinstances.Revisionsoperatorswereof two kinds:

Simpleoperators involve deletion and addition of an-
tecedentsfrom a clause,as in conventionalTR, al-
though the antecedentsare restrictedto occurrences
of order relations. We implementeda TR algorithm
with simpleoperatorsbasedontheseassumptions,and
foundit capableof spottingandremoving simplebugs
involvingrevisionsin oneor moreclauses.Thisis akin

the_min_vertical_sep_Val_in_feet_required_for(
A, B, C, D, 2000) :-

(both_are_flown_at_subsonic_speed(B, D),
(A is_above fl(290),
(( not__(A is_at_or_above fl(330))

; not__(A is_at_or_below fl(370)))
; not__(C is_at_or_above fl(330))
; not__(C is_at_or_below fl(370)))

; C is_above fl(290),
(( not__(A is_at_or_above fl(330))
; not__(A is_at_or_below fl(370))
)
; not__(C is_at_or_above fl(330))
; not__(C is_at_or_below fl(370))))

;
one_or_both_of_are_flown_at_supersonic_speed(

B,D),
(A is_at_or_below fl(430) ;
C is_at_or_below fl(430) )),!.
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(in 2-D geometricalterms)to examiningreflectionsof
theregionabouta straightline.

CompositeOperators involved identifying a sub-region$ ������
 associatedwith maximumandminimumval-
ues of incorrectly classifiedinstances.

$ ������
 was
either deletedfrom or added to ������
 accordingto
whetherthe instanceswerefalselypositive or falsely
negative.

Example6 wasrevisedwith a ‘composite’operator, using
the resultsof the blameassignmentdiscussedabove. Af-
ter approximately2 daysof processing,the TR algorithm
foundanupdatedclause� whichgavea 100percentaccu-
racy classification,andis shown in Example7.

This wasan exciting resultas it appearsto encodethe
new criterionfor 2000,effectively excludingtheregionbe-
tween33,000feet and37,000. (Thesewerethe minimum
and maximum valuesof flight level variablesassociated
with falselypositive instancesof � for subsonicaircraft.)
However, it losesthereadabilityqualityof thehand-crafted
model.

5. Conventional Debugging and Maintenance
of the RequirementsModel

While we have concentratedin the last sectionson a
pathto automateddebuggingandmaintenance,wewill here
summarisethe opportunitiesand proceduresthat involve
conventionalmethodsandtheir synergy with themoread-
vancedtechniques. In somecasesthey uncoveredbugs
which appearin the environmentof the CPS,ratherthan
in theCPSitself. Theproceduresareasfollows:

(a)modelinspection:Themodelcanbetranslatedto val-
idation form, using tool msl2VFshown in Figure2. The



mappinggivenin themeta-model,betweenthecustomised
msl syntax,andnaturallanguage,is usedfor this. TheVF
producedcanthenbeusedfor visualinspectionby ATC ex-
perts. This is describedin [14], andexperiencehasshown
that this is most successfulin 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 everyprofilepair thatis in conflictaccordingto theCPS.
Wherethe pair areclassifiedasnot in conflict by experts,
theexplanationmayprovidecluesto thefaulty partsof the
specification.For example,a percentageof ‘f alselyposi-
tives’werefoundto besobecausetheseparationvaluewas
only very marginally beingexceeded.This indicateda bug
in the geometry, and currentlywe suspectthat the CPS’s
localflat earthassumptionis to blame.

(c) graphicalinspection:usingthebatchresults,acollec-
tion of testqueriescanthenbeformulatedwith theaim of
investigatingin greaterdetailthesuspectparts.Thetestlog
file canthenbeinput to a graphicalflight simulationusing
a multi-mediaplatform which candisplaythe profilesand
conflict area,andsimulatetheplannedaircraftflights [11].
This particular tool helpedus spot ‘noisy data’. Inspec-
tion of severalapparent‘f alselypositives’usingthedisplay
clearly showed that the flight profileswerein fact in con-
flict. Thebug in thiscasewastrackeddown to anincorrect
setof flight testdatasuppliedto us.

(d) full explanationanalysis: For individual test runs
where the conflict predicatesucceeds,the Code Anal-
ysis processcan produce a generalisedproof tree, us-
ing explanation-basedgeneralisation,asmentionedabove.
This is useful for inspectingthe outcomeof falsepositive
queries,althoughsomewhattediousaseventhegeneralised
proof treesare30 - 40 pagesin length. This did allow us
to spota very subtlebug which resultedfrom the anima-
tion process,and occurredin an auxiliary axiom relating
thespeedsof two aircraft(shown in Example8).

Inspectionof the proof treefor a misclassifiedinstance
in the suspectedlongitudinal separationclausesrevealed
that ‘the machno Val on(Segment)’wasreturninga float
valuewhenanimatedusingtheProloginterpreter. As acon-
sequencea comparisonof the form ‘0.0199999.. = 0.02’
wasoccurringwhentheclausecorrespondingto thisaxiom
wasexecuted.

6. Conclusions

We havedescribedanenvironmentwhichhasbeenused
for thedebuggingandmaintenanceof acustomisedrequire-
mentsmodelin many-sortedlogic. We haveshown thefea-
sibility of usingadvancedtechniquessuchastheory revi-
sionon specificationsof theorderof theCPS,althoughwe
hadto copewith problemsof expressivenessin thatwehad

" [ (Segment1 and Segment2 are_after_a_common_pt_
from_which_profile_tracks_are_same_thereafter)

or
(Segment1 and Segment2 are_after_a_common_pt_from
_which_profile_tracks_are_diverging_thereafter)

] =>
[ (the_preceding_aircraft_on Segment1

or_on Segment2 is_faster_by Val mach)
<=>

[ [ (the_aircraft_on Segment1
precedes_the_aircraft_on Segment2) &
the_machno_Val_on(Segment1) -

the_machno_Val_on(Segment2) = Val ]
or [ (the_aircraft_on Segment2
precedes_the_aircraft_on Segment1) &
the_machno_Val_on(Segment2) -

the_machno_Val_on(Segment1) = Val ] ] ]".

Example 8

to extendtools to copewith logic clausescontainingnega-
tion in their bodies,andarbitraryfunctorstructureswithin
literals. Also, we hadto overcometheproblemof scalein
theoryrevision usinga focusedversionwhich is restricted
to revising literals representingorderingrelations. In our
currentprojectwe have used(b), (c) and(d) in section5,
togetherwith blameassignmentandtheoryrevision, to cut
theerrorrateby a factorof 20 - from approximately200to
10errorsin every10,000tests.

Problemswith ourcurrentapplicationandtoolsinclude:

– wehaveconcentratedon techniquesinputingaskewed
setof trainingdata.While thenumberof negativeexamples
of theconflict relationarevirtually limitless(usinghistoric
records),we could only obtainsmall amountsof positive
examples.

– althoughthereis a directmappingbetweenaxiomsin
theCPSandclausesin CPSEF, revisionssuggestedby TR
haveto bere-engineeredinto mslform for insertioninto the
CPS.As canbe seenby Example7, the revisionsarenot
easilyunderstandable.

Our futurework will concentrateon theseproblemsand
the furtherevaluationof our environment,in particularthe
developmentof agenericversionfor usewith otherrequire-
mentsmodelsstatedin their own customisedform of msl.
We also intendto further explore the limitations andpos-
sibilities of theory revision. For example,in the TR pro-
cessone could keepthe whole CPSTR shieldedand input
flight profilesthatwerein conflict representedby revisable
axioms. Using theoryrevision appliedto the clausesrep-
resentingtheseflight profilesthe revisermight returnnew
clausesrepresentingaclearedprofile,i.e. performaprocess
of conflict resolution.
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