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Abstract. The natureof radiotherap acceleratorss briefly explained.It is ar
guedthatthesecomplex safety-criticakystemsieedasystematidasisfor testing
their software. The paperdescribes novel applicationof protocolspecification
andtestingmethoddo radiotherap acceleratorsAn outlinespecificatioris given
in LoTos (LanguageOf TemporalOrderingSpecificationpf theacceleratocon-
trol system.It is completelyinfeasibleto usethis directly for test generation.
Instead specificatiorinputsarerestrictedusingannotationsn a ParametelCon-
straintLanguageThisis automaticallytranslatednto L oTos andcombinedwith
the acceleratospecificationlt thenbecomesnanageabléo generatdestsauto-
matically of the actualacceleratoto checkthat it agreeswith its specification
accordingto therelationioconf(input-outputconformance)Sampleinput anno-
tations,their translationto L oTos, andtheresultingtestcasesaredescribed.

1 Intr oduction

This paperpresentsa novel applicationof existing protocol specificationand test-
ing techniquesto a new domain. Radiotherap acceleratorsare comple, software-
controlled, safety-criticalsystemslt is highly desirableto testtheir control systems
systematicallysingtestsuitesgenerate@gutomaticallyfrom formal specificationsThe
work demonstratethat LOTOS canbe successfullyusedto specify acceleratorsThe
paperfocuseson makingautomatedestgeneratiorpracticablefor suchspecifications.

1.1 Radiotherapy Accelerators

Radiotherap equipmenis usedmedicallyto deliver controlleddosesof radiationto a
patient,usuallyto destry cancerougissue.Among the severalkinds of radiotheray
equipmentthemostimportantis thelinearaccelerato(‘accelerator’or ‘linac’). Thisis
so-namedecausét acceleratea beamof electrongo high enegy thatcanbe useddi-
rectlyorto generatex-rays.Acceleratorsrehighly specialisegiecesof equipmenthat
requirespecialhousingandtrainedoperatorsFor this reasonthey aregenerallyfound
in oncology(cancer)xlinics.As anindication,about300acceleratorarecurrentlyused
in the UK. Somecountriessuchasthe US make moreextensive useof accelerators.
Radiotherap is a safety-criticalprocedurghat demandsaccuratedelivery of radi-
ation. A numberof radiationaccidentshave beenwell documentede.g.[13,14]). The
Therac-25acceleratois infamousashaving causedaccidentainjuries, in somecases
leadingto death[15]. In fact, a radiationunderdosas as undesirableas an overdose
sinceit mayfail to kill atumout Not deliveringradiationto the exactareais alsoseri-
ousasit damagesurroundindhealthytissueinsteadof destrging cancerougironth.
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Radiotherap equipmentis regulated designedandtestedo very high standardsA
review of standarddor software-controllednedicaldevicesis givenin [11]. Themain
internationalstandard®f relevanceto this paperarethosein the IEC 601 series.This
is a very large collection of standardsspecificallyincluding programmableslectrical
medicalsystemsA numberof subsidiarystandardsoncernaccelerator§7]. The US
FoodandDrug Administrationhaspublishedguidelineson GoodManufacturingPrac-
tice[3] thatarerelevantto software-controllednedicaldevices.Radiotherap machines
aretypically certifiedin the US beforethey aresoldanywherein theworld. The Amer-
icanAssociationof Physicistan Medicinehaslaid down acodeof practicespecifically
for radiotherap accelerator§16]. The CanadianAtomic Eneigy Authority alsoplays
anactive role in regulatingradiotheray devices.The EuropeanCommissionis defin-
ing standarddor safetyof medicalequipmen{e.g.the Medical DevicesDirective [2]).
More generalsoftware developmentstandardsare alsorelevant, suchasthe ISO/IEC
9000serieson quality assurancandits EuropearEN equialents.

Early radiotherag equipmentvasessentiallyhardware.Hardwareaspect®f accel-
eratorsareregularly andthoroughlychecled.For example,dosimetergdosaganeters)
areperiodicallycalibratedagainsnationalstandardsTheaccuray of radiationdelivery
is alsoregularly checledin simulatedreatmentsThehardwareis extensively protected
by interlocksthataddressituationdlik e power supplyfailure,dosimeterfailure,or en-
try to thetreatmentoomduringradiationdelivery.

Acceleratorsare, however, complex software-controlledsystems(The Therac-25
accidentstemmedn partfrom areductionin the numberof hardwareinterlocks.)Ac-
celeratorsoftwareresemblestandardapplicationsoftware.lt requiresagraphicaluser
interface peripherainput-outputfile systenpperationsanddatacommunicationsThe
acceleratosoftwaredepend®n a corventionalstyle of operatingsystemThesoftware
mustrespecstrict demandgor dependableeal-timeoperation Software,unlike hard-
ware, doesnot deteriorateover time so that differentreliability concernsapply. Like
ary application the acceleratocontrol softwareis upgradedrom time to time by the
manubcturersOf course the softwareis developedmuchmorecarefullythancorven-
tional applicationsoftware. However with new acceleratosoftware, it is desirableto
checkthatthe new versionhasnot introducedary flaws. Surprisingly thereseemdo
belittle automatiorto helpclinicsto do this.

1.2 Applicability of Formal Methods

Formal methodsare an obvious choiceto supportthe developmentandtestingof ra-
diotheraly equipmentSomevhat unexpectedly radiotherag equipmenthasattracted
little attentionfrom the formal methodscommunity [18] is one of few contrikutions,
having madeuseof L oTos (LanguageOf TemporalOrderingSpecificatiori8]) to shov
how the Therac-25laws couldhave beenidentified. The only otherwork known to the
authorsusesZ to specifythedesignof softwarefor aradiationtherafy maching/10].
Conformanceestingusesexperimentatiorto checkanimplementatioragainstits
formal specificationTestsarederivedfrom the specificationthenappliedto the Imple-
mentationUnder Test.Basedon obsenationsmadeduring testexecution,a verdictis
givenaboutthe correctfunctioningof the implementationThe uniquecontribution of



this paperis the applicationto radiotheray accelerator®f techniquesormally used
only with protocols:L oTos, andmethoddor generatingonformanceests.

An LTS (LabelledTransitionSystem)givesthesemantic®f a L OTOS specification.
Theacceleratormplementatiorns presumedo bemodelledoy anlOLTS (Input-Output
LabelledTransitionSystem) Conformancef animplementatiorcanthenbeexpressed
with respecto its specificatiorusingaformalrelation.Onesuchrelation,ioconf(input-
outputconformancgl9]), is usedasthecriterionfor correctacceleratodesign.Thetest
suitefor anacceleratois generatedrom a L 0T0s specificatiorfollowing analgorithm
basedon thatgivenin [19]. The authorshave programmedCADP (CaesaiAldébaran
DevelopmentPackage[4]) to generateacceleratotest suitesautomatically Eachtest
casein the generatedestsuitedefinespossibleinputsandexpectedoutputs.

Thework reportedin this paperconcentratesn automatedestgenerationThis is
of greatespracticalvalueto oncologycentresTheapproactadopteccurrentlyfocuses
ongenerabehaioural correctnessf theacceleratocontrolsystemThegeneratedest
suitescandetectflaws suchasfailing to rejectinvalid input values permittingincorrect
input sequencesyr sendingwrong commanddo the acceleratohardware. Although
acceleratorbave real-timebehaiour, the currentmodelusesonly anabstracnhotion of
time. Thetestsuitescannotthereforedetecttiming problemssuchasdeliveringradia-
tion atthewrongabsoluterate,or for too longin absolutgerms.

2 Radiotherapy Accelerators

2.1 Accelerator Hardware

The entireaccelerators locatedin a treatmentroom. This is heavily screenedo pre-
ventradiationleakageto the outside.Accessis via aninterlocked door (or gate)from
the control room. The control room housesthe operatorconsoleand the supporting
computersystemsFor security theoperatomustinsertakey into theconsolebeforeit
will work. [5] isacomprehensieintroductionto thetheoryandpracticeof accelerators.

A typical acceleratoiis shavn schematicallyin figure 1. The acceleratoproper
is mountedon a gantrythat rotatesaboutthe horizontalaxis. The acceleratousesa
travelling waveguideto accelerateelectronsfrom an electrongun. The beamis con-
trolled soasto yield electronswith enepiestypically in therange6 to 20 MeV (million
electron-wlts). Radiationdosagesre measuredn MUs (monitor units). MUs reflect
the calibrationof dosimetersatherthanary absoluteunit, but 1 MU approximateso 1
cGy (centigray a standardunit of radiationdosage).

The horizontalelectronbeamis bentby magnetshrough90°(or 270°) so that it
pointsdownwards.In electronmodethe electronsemegethrougha radio-transparent
plateto reachthe patient.In x-ray modethe electronsstrike a target, causinga shaver
of x-raystowardsthe patient.

Thetreatmenheadcontainsa collimator. This consistof four movableplates two
thatmovein the X directionandtwo thatmovein theY direction.They definearectan-
glethatrestrictsthebeamto adefinedaperture A sophisticate@cceleratowill havean
MLC (multi-leafcollimator).Thishasmary (oneor two hundred)ndividually movable
leavesthatmay be usedto setanarbitraryshapeor the beamaperture An ‘accessory’
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Fig. 1. AcceleratorOutline

may befitted to thetreatmenteadto controlthe beamdistribution. Thetreatmenhead
alsohousesanoptical systemthatallows the shapeandpositionof thebeamto be seen
onthepatients skin prior to treatment.

Thepatientiesonatreatmentouchthatmaybeadjustedor height,in-outposition
(longitude), side-to-sideposition (latitude), and rotation. A pendant(remotecontrol
device) is attachedo the couchfor settingthe couchpositionandalsofor rotatingthe
gantry Theoperatoisetsup thepatientandtheacceleratosothatthe correctpartof the
bodywill beirradiated.

2.2 Accelerator Control System

During treatmentthedeliveredradiationdoseis readperiodicallyfrom theacceleratar
For safety this is measuredy two independentiosimetersvhosereadingsare accu-
mulated.Thefirst dosimetereadingusually decidesvhentreatmenis complete.The
accumulatedloseshouldriseto theplanneddose put sometolerances allowed.In case
thefirst dosimeterdoesnot work properly, readingsrom the secondbneareusedasa
backstop.Treatments abortedif the seconddosemeasuremengxceedsthe planned
doseby 20 MUs or more. The doserateis alsochecled at every measurementt may
notdeviatefrom theplannedrateby morethananamountthatdependsntheparticular
treatmentFinally, thetreatmentime is calculatedrom the doseanddoserate.A clock
is readto ensurehattreatmentloesnot exceedthe plannedime by morethan10%.
Figure2 shavsthemainelementf atypical controlsystemThearrons shovsthe
directionbut not detailsof informationflow. The operatorusually startsby arranging
the patientandthe acceleratogeometryin the treatmentroom. Thein-room computer
displayssetupinformationin the treatmentroom. The operatorthenretiresto the con-
trol room, wheretreatmentdetailsare setup on the consolecomputer The console
displayshaws the currentacceleratosetupandstatus. Treatmentsareusuallyplanned
separatelyand storedon a file sener. The treatmentis downloadedto the treatment
computerandthenceto the consolecomputer
Peripherainput-outputis handledby a separateommunicationgomputerDuring

actualtreatmentdelivery of radiation),the acceleratois underthe commandf a sep-



Treatment
Accelerator
Room Display
Accessory MLC )
Pendant Couch Accelerator Controller Controller Display
A A A A A
Control In-Room
Computer Computer
4\ A
4
Common
RAM
\ 4 A)
Control Comms
Room Computer
Door it
————| console P | Treatment
/y Computer | 71 Computer
Key / \ / \
Disc Display Keyboard Display File Server

Fig. 2. AcceleratorControl System

aratecontrol computerthatissuescommandsand monitorsstatusvia commonRAM.
The entire systemusesabouthalf a dozencomputersor microprocessorsoit is not
surprisingthatthe softwareis complex.

For thework reportedn this paperthe controlsystemhasbeensimplifiedasshavn
in figure 3. The detailedinformation flows are shavn againstthe arrows. This effec-
tively groupsall of the control functionsin a single black box, with the main inputs
andoutputsasshowvn. Althoughthe real systeminvolvesconsiderableommunication
amongsubsystemdigure 3 is alegitimateabstractiorsinceit shavsonly theexternally
obsenableinterfacesTheclock abstractshereal-timeaspectof processing.

3 Accelerator Specification

The simplified acceleratocontrol systemshown in figure 3 hasbeenspecifiedin L o-

Tos. Although the specificationreflectsa particulartype of acceleratqgrthe descrip-
tion is typical of arangeof acceleratorsThe specifications straightforward: 730 non-
commentines,abouthalf of thesedevotedto datatypes.Theoutlinespecificatiorstruc-
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ture appearselon. The gatescorrespondo the control systeminterfacesin figure 3.
The specificationwas checled by simulation,and by evaluationof typical scenarios
drawn from the project's medicalpartner The completespecificatioris givenin [17].

specificationSystem[console pendantacceleratgrcouch]: noexit

library ... (* library types*)
type Timeis ... (* time values*)
type Constantss ... (* systemconstantg)
type Signalis ... (* subsystensignals*)
type Interlockis ... (* hardvareinterlocks*)
type Angleis ... (* gantry/couchangle*)
type Modeis ... (* treatmentmode?*)
type Enegy is ... (* beamenegy *)
type Doseis ... (* radiationdoseunits*)
type Rateis ... (* radiationdoserate*)

type Positionis ...

type NaturalOperationss ...
type Collimatoris ...

type Accessoryis ...

type Settingis ...

type Statuss ...

type Couchis ...

type Displayis ...

behaviour

hidetimein
Control[console pendantacceleratqrcouch,time]
(DefaultSetting DefaultCouch)
[time]|
Clock [time] (0)

where

proces<lock[time] (Time)...
processMode[console](Setting)...
processEnegy [console](Setting)...
procesdDose[console](Setting)...

(* couchposition*)

(* operationn naturals*)
(* collimatorsetting*)
(* accessorgetting*)
(* acceleratosetting®)
(* acceleratostatus¥)
(* couchsetting*)

(* consoledisplay*)

(* overall behaiour *)
(* internalgate*)

(* controlsystent)

(* synchroniseadntimes*)
(* systemclock*)

(* systemclock*)
(* modesetting*)
(* enepy setting*)
(* dosesetting*)



procesRate[console](Setting)... (* ratesetting®)

processGantry[acceleratgrpendant)Setting)... (* gantrysetting®)

proces<Collimator[console](Setting)... (* collimatorsetting*)

processAccessoryconsole](Setting)... (* accessorgetting®)

procesLouch[pendant](Couch)... (* couchsetting*)

proces<Control[console pendantacceleratqrcouch time] (* controlsystent)
(Setting,Couch)...

processSetting[console pendantacceleratqrcouch] (* acceleratosetting*)
(Setting,Couch)...

procesdMonitoring [console acceleratgrtime] (* treatmenimonitoring*)

(Setting,Couch,Status,Time) ...

Many of the datatypessimply renamethe naturalnumberge.g.doseunits,angles,
positions).Althoughin practicetheseparametersirefloating point numberswith var-
ious scalesand ranges this simplified approachis acceptablelt just meansthat the
offsetandunitsfor theseparametersarecalculatedifferentlyfrom normal.

Althoughthe specificationcontainsa Clock processthis merelyincrementsatime
count.lt would be necessaryo useE-LoTos (Enhanced.otos [9]) if amoreprecise
notionof timewererequired However, E-L oTOs tool supports still ratherincomplete.
Thecurrentapproachhereforedealswith only anabstrachotionof time.

The main procesds Contmol. Initially this allows acceleratosetupby the Setting
processSettingthe gantry or the couchposition causesmovementcommandgo be
issued,but otherinputs are merely storedprior to treatment.The consoledisplay is
updatedafter every input to reflect the currentacceleratoistatus.The operatormay
initiate treatmenbncea valid setof parametertiasbeenentered.

Theacceleratosettingis thensentto theacceleratoandradiationbegins. TheMon-
itoring procesgeriodicallyreadsheacceleratostatusj.e. thetwo dosimetereadings.
Normally, treatmentontinuesuntil theprescribedlosehasbeendelivered.Section2.2
describesiow theaccumulatedosesindtheclock areusedto terminatereatmentThe
operatoiis permittedto pauseandresumeéreatmentperhap$ecause¢hepatientis rest-
less.Any abnormalkonditionsuchasaninterlock stopsthe treatmenimmediately On
completionof treatmentyadiationis stoppedanda Finishedsignalis sentto console.

4 TestConstraints

4.1 TestStrategy

Theaimis to produceusefulsystemtestsfrom anacceleratospecificationTheredoes
not seemto be a systematigrocedurdor clinics to checkacceleratosoftware. Auto-
matedtestingcanthereforesupplemenhormalclinical practice particularlyfollowing
a software upgrade.The test suite automaticallygeneratedrom an acceleratospeci-
fication canbe corvertedinto the sameformatasis usedfor patienttreatmentslit can
thenbeloadedinto the treatmentomputerandexecutedautomatically

Thereis a choiceof whento generatdests.ldeally, a symbolictransitionsystem
would first be createdrom the specification(This would have transitiondabelledlik e
gate?value:Sortratherthana transitionfor every value of the sort.) Testswould then
be generatedby traversingthis transitiongraph,choosingtestvalueson-the-fly Unfor-
tunatelytoolsto achievethis arenotyetavailable,though[1] is a promisingbasis.Tests



for acceleratorbave thereforebeengeneratedy first constraininghe specificatiorbe-
haviour. This is doneby imposinginput constraintswith a special-purposéanguage
thatis automaticallytranslatednto L oTos andcomposedvith the specification.

Mostwork onformally-basedconformancejestinghasconcentrate@n protocols.
It hasbeenshavn thatthe samemethodscanbe appliedto hardwaretesting[12]. Pro-
tocol testingandhardwaretestingtendto be control-dominatedThatis, thefocusis on
behaioural ratherthandataaspectsAn accelerators, however, heaily influencedoy
data.For example the specificatioroutlinedin section3 is controlledby fourteeninput
settingsMost of thesehave averylarge numberof possiblevalues(e.g.dosedoserate,
positions,angles)that may be setin any order As a resultthe numberof possibletest
casess astronomical(in excessof 10'?), with only asmallnumberbeinginteresting.

It is thereforenecessaryo seriouslyrestrictthe valuesusedfor testing.Fortunately
the inputs neededby an acceleratorfall into two categories:valuesfrom a shortlist
of alternatves,and numberswithin definedrange.An input with limited alternatves
(e.g.an enumeratedype) can be testedin full. An appropriatetechniquefor ranges
is boundarytestingas usedin software engineeringAs notedearlier numericinput
parameterdiave beenmappedto naturalnumbersin the specification.Supposethat
someinput is a naturalin the range6 to 20 inclusive. Significanttestvaluesare the
lowestandhighestpermissiblevalues plussomemiddling value(e.g.6, 13, 20). If it is
desiredo checkfor robustnessyaluegust outsidethe permissiblaangeshouldalsobe
checledfor rejection(e.g.5, 21). It is not possibleto analyseanarbitraryL oTos data
typeto determineghatits valueslie in aboundedange . Testgeneratiorthereforerelies
onthespecifiergiving somehelp,namelythe natureandvaluesof bounds.

Evenwith theserestrictionsto testvalues,the numberof testcaseds still far too
large becauseof input permutationsinstead the specifiercan help by indicatingthe
orderin whichinputsmaybesupplied Evenif thisis only apartialorder, thecombina-
torial situationcanbe greatlyimproved.

4.2 Input Value Constraints

Only the specifieknowstheintendedrangeandorderingfor input valuesthesecannot
(reasonably)e inferred from the specification.The authorshave designedPCL (Pa-
rameterConstrain_anguage;Pickle’) to allow the specifierto give guidanceon what
inputsto supplyandwhen.In generalthis is a difficult problemasa wide variety of
eventstructuresandspecificatiorstylesarepossiblewith LoTos. PCL is areasonably
generalandflexible languagehatis applicableto mary othertestingproblems.How-
ever it wasinspiredby the needto testacceleratospecificationsuchasin section3.
See[17] for moredetailsof PCL andits translationto L oTos.

PCLannotationsrespecialL otos commentg*. PCLdirectives*). Ascomments,
they do notaffectthe specificatiorbehaiour. A preprocessowritten by theauthorsex-
tractsthe PCL annotationsand producesa new specification.PCL is translatedinto
L oTos constraintprocesseshatare placedin parallelwith the main specificatiorbe-
haviour. This restrictscertaininputs, while leaving outputsand someinputs uncon-
strained.If symbolic automataare generatedn future, the PCL annotationswill be
usedto guidethe generatiorof testvaluesduringautomatortraversal.



In fact, LoTos doesnot distinguishinput from output so key event occurrences
mustbe annotatedTo be exact, only oneexampleof eachevent structureneedso be
annotatedSincethe samedatatype maybe usedin differenteventswith differentsets
of valuesiit is appropriatdo annotatekey eventsratherthandatatypes.For example:

input ?prime:Nat; (*. prime: valueq2, 3,5) .*)
This indicatesthat only the inputs2, 3, 5 shouldbe considerediuring testgeneration.
(All suchliterals needto be definedby the specification.)The label prime for this set
of valuesis usedwheninput constraintsaareassembledThe labelmay be the sameas
thevariablein the event,but neednotbe. The PCL preprocessanferstheeventformat
from the context, e.g.input!3 will appeaiin oneof thetestcasesin fact,anarbitrary
eventformatcanbe annotatedy listing setsof valuesin their orderof occurrence:

input!Number?prime:NatHue ?tint:Colour;

(*. prime_tint : valueg2, 3, 5); valuegCyan,Magenta,Yellow) .*)

Here,a setof valuesis provided for eachunboundevent parameterOnetestcasefor
this eventmight beinput 'Number!5 'Hue !Cyan

Thevaluesdirectiveis appropriatdor alimited setof discretevalues If the param-
eteris a numberin a range(asis very commonin acceleratospecifications)another
annotatioris moreappropriate:

read?hour:Tvelve; (*. hour: range(1, 12) .%)

This is equivalentto the lowest,middling andhighestvalues:1, 6, 12. For robustness
testing,the valuesjust on eachsideof thisrange(0, 13) maybeincludedby:

read?hour:Tvelve; (*. hour: boundy(1, 12) .*)

Theremay be interdependenciemmonginput values.Supposéhatsizeis aninput
parametedefinedseparatelyA further parametemaybe definedusingits value:
user?value:Nat; (*. value: range(size+ 5, 2 * size).)
Sincethevaluesarecomputedn thespecificationsuchexpressionsnustbemeaningful
in LoTos. Only groupedor serial inputs(seebelow) maybereferencedn this way.

Inputvaluesmaybegiveninsidea L oTOs expressionjn which casethe expression
is evaluatedfor eachcombinationof values:
requestpair:NatRiir; (*. pairs: valueyMakePRair(range(1, 10), valueg2, 4, 8)) .*)
This is equivalentto valuedMakeRair(1, 2), MakeRair(5, 4), MakeRair(10, 8)). Val-
ues,rangesandboundscanbe nestedn sucha constructionThe nestednputlists are
deliberatelycombinedn the sameorderto easepredictabilityin testing.
Becausgheoverallconstrainprocesss composedvith themainbehaiour, it must
synchroniseon every event. It is thereforenecessaryo annotateoutputeventsandun-
constrainednput eventssothatthey canbeallowedto happerfreely, for example:
file IEndOfFile ?eof:Bool; (*. free.*)
Theannotationdoesnot have alabelin this casesinceit is not referredto wheninputs
arecombinedlt is possible however, to write L oTOs eventssuchthattheeventformat
cannotbedeterminedautomaticallyandhasto be givenexplicitly in theannotation:
choicec:Condition,b:Bool ]
[c = EndOfFile] >
file Ic !b; (*. fredfile IEndOfFile ?eof:Bool).*)



4.3 Input Ordering Constraints

The PCL annotationsso far allow the valuesof input eventsto be constraineddy the

specifier To limit combinatoriakxplosion,it is alsodesirableo usefurtherannotations

to limit the possibleorderingsof inputsin threedifferentways:

separate: input valuesarechosencompletelyindependentlyThis is the mostgeneral
case put causeshelargestnumberof variationsto betested.

grouped: theith valuesfor inputsoccurin groups,but in ary relative order Suppose
that prime may take values2, 3, 5 andthat tint may take valuesCyan, Magenta,

Yellow. Thefirst, secondandthird valuesfrom eacharechoserandinputin either

order: 2 and Cyan, 3 and Magenta,5 and Yellow. Groupedinputs musthave an

identicalnumberof values.This is not asrestrictive asit might seemsinceinputs
aretypically all definedby range or bounds Groupingsignificantlyreducegest
combinationdy checkingall lowest,middling, highest.etc. valuestogether
serial: theith valuesfor inputsoccurin sequenceTaking prime asfirst andtint as
secondtheinputswould be: 2, Cyan,3, Magenta5, Yellow. This is obviously the
mostrestrictive but leastcomplex combinationof inputs.
Eachinput shouldfall into oneof thesethreecateyories(or concevably befr eeif it is
unconstrained)To limit combinatorialexplosionfurther, separateor grouped values
maybeincludedin aserial list. As afurtherenhancemengninputmaybefollowedby
aquestionmark (e.g.tax?) to indicateanoptionalvalue.Considera hypotheticaltock
controlsystemwith inputsasfollows:
*.
separatdprice,tax?);
grouped(colour? size);
serial(weight,separatdtype, code?) stock,postage?)
)
Thismeanghatinputsprice andoptionaltaxmaybechoserindependentlyinputvalues
for optionalcolour andsizearechosenin groups.Serialinput valuesareweight type
andoptionalcodein eitherorder, stok, andoptionalpostage.

Annotationsfor input orderingappearafter the overall LoTos behaviour expres-
sion. They are extractedby the preprocessoafter all the input value annotationsand
areusedto automaticallygeneratdéhe constraintprocesseg LoTos. Thisresultsin a
new specificatiorthatis usedto generatdests.Dependingon the input combinations,
a numberof LoTos behaiour patternsare requiredfor the constraintprocessesThe
acceleratotestannotationsn section5 provide anillustration.

A final complicationis thatthe specificationmay have cyclic behaiour. It is nec-
essaryto know whena freshsetof input valuesshouldbe generatedit is assumedhat
somekey eventcanbeannotatecdaismarkingtheendof thecurrentcycle,e.g.:

output!Finished; (*. finish .*)

5 Accelerator TestGeneration

5.1 Accelerator SpecificationAnnotations

Thefollowing inputvalueannotationsvereplacedin stratayic placesin theaccelerator
specificationThey arescatteredbut areextractedby the preprocessor;



mode: value{XRayMode,ElectronMode) (* treatmenmmode*)

enepgy : range(6, 20) (* beamenepy *)
dose: range(5, 100) (* doseunits*)
rate: range(1, 50) (* doserate*)
gantry: range(0, 359) (* gantryangle*)
x1: valueg0, 0, 39) (* collimatorX1 position*)
x2: valueg1, 40, 40) (* collimatorX2 position*)
y1:valueg0, 0, 39) (* collimatorY1 position*)
y2: valueg1, 40, 40) (* collimatorY2 position*)
accessory valuegAccessoryln AccessoryOut) (* accessorgetting*)
rotation: range(0, 359) (* couchrotation*)
latitude: range(0, 50) (* couchlatitudeposition*)
longitude: range(0, 150) (* couchlongitudeposition*)
vertical: range(60,170) (* couchverticalposition*)
accelerator valueq (* dosimeterreadings’)

MakeStatusfalueq?2, 1, 2), valueq2, 1, 2)), (* first treatmenteadings)

MakeStatusfalueq0, 25, 28),valuegq10, 26, 35)), (* secondreatmenteadings’)

MakeStatusfalueq0, 1, 3), valueq10, 50, 70))) (* third treatmenteadings®)

Most of the input valuesare straightforvard. The dosimeterreadingsare given
asthreelists of acceleratostatusesusedon eachsuccessie treatment.Eachlist of
MakeStatus/aluesgivesthreepairsof dosimetereadingschoserto stoptreatmenbn
thefinal valueof eachtriple. This correspondso thethreetestvaluesfor dose.

Internal(clock) eventsneednotbemarkedasfreesincethey areexternallyinvisible.
Someinputs and all outputsare marked as unconstrainedFor example the console
Pauseinput is unconstrainedas is the acceleratorFinish output. In a few casesan
explicit eventstructuremustbe givensinceit cannotbe determinedrom the context:

freqconsolelDisplay ?displayNev:Display) (* consolesettingoutput*)
freqconsolelDisplay ?interlockNev:Interlock) (* consoleinterlockoutput*)
freqacceleratotSet ?settingNev: Setting) (* acceleratosetting®)

Finally, the permissiblecombinationsof inputs are given. The namesrefer to the
input valuelabelsgivenabove. A numberof theinputsareoptionalbecausehey have
defaultvaluesthatneednotbeset:

serial( (* sequencef inputs*)
separat€dmode?accessory?), (* optionalmode,accessory)
enepy, dose rate, (* enepy, dose rate*)
gantry?, (* optionalgantryangle*)
x1,x2,y1,y2, (* collimatorposition*)
rotation? latitude? longitude? yvertical?, (* optionalcouchsetting®)
accelerator) (* acceleratostatus*)

5.2 Accelerator Constraint Processes

TheLoTos generatedrom theseannotationss asfollows. Differentprocesstructures
resultfrom differentcombinationsof input constraintsso this is merely an example.
Comparegheannotationsn section5.1with thefollowing generated. oTos.

First the overall constraintprocesds definedin parallelwith the main behaviour.
Thegatesf procesConstaintsareinferredfrom thestructureof theannotateavents.



Sincerangesarespecifiedfor the constrainedvents,the lowest,middling andhighest
valuesarechosenn sequencéor all theinputs. Theseinput valuesareindexedO, 1, 2
asthe parameteto the ConstaintsRepeategrocess:

processConstraint§console pendantaccelerator] noexit := (* overall constraints)
ConstraintsFrefconsole pendantaccelerator] (* freeinputs®)
Il
(
ConstraintsRepeatddonsole pendantaccelerator{0) (* first valueset*)
>
ConstraintsRepeatddonsole pendantaccelerator{1) (* secondvalueset*)
>
ConstraintsRepeatddonsole pendantaccelerator{2) (* third valueset*)
)
endproc
ConstaintsHeepermitsfree eventsto occurwithout restriction:
procesgLConstraintsFrefconsole pendantaccelerator] noexit := (* freeinputs*)
( (* allow oneevent*)
consoleDisplay ?displayNev:Display; exit (* consolesettingoutput*)
0
consoleDisplay ?interlockNev:Interlock; exit (* consoleinterlockoutput*)
l
acceleratotSet ?settingNev: Setting;exit (* acceleratosetting*)
l
(* otherfree events*)
)
>
ConstraintsFree[consolpendantaccelerator] (* repeat)
endproc

ConstaintsRepeatedealswith the setof testvaluesidentifiedby the parametemdex.
Theprocesallows groupednputsto occurindependentlyf separat@ndserialinputs.
In this particularexample the separateventsmustprecedehe serialevents.Sincethe
specificatiormustbetestedor variouscyclesof behaiour, the consoleFinishedevent
is usedasthetriggerto choosea new setof repeatedvents:
processConstraintsRepeatddonsole pendantaccelerator{index:Nat) : exit :=

(

ConstraintsGroupefgonsole pendantaccelerator] (* groupednputs*)
Il
(
ConstraintsSeparafeonsole pendantaccelerator] (* separaténputs*)
>
ConstraintsSerigtonsole pendantaccelerator{index) (* serialinputs*)
)
)
>
consoleFinished; (* triggerto endtestinputs*)
exit

endproc



ConstaintsGioupedconstraingiothinghere,sincethis examplehasno groupednputs:

procesgConstraintsGroupeftonsole pendantaccelerator] exit :=

processConstraintsSeparafeonsole pendantaccelerator] exit :=

exit
endproc

ConstaintsSepaaite dealswith the separatenputs.It allows independenselectionof

modeandaccessorynputs,eachof which may be omittedasthey areoptional:

(* groupednputs*)

(* separaténputs*)

(consolelMode I XRayMode;exit [| console!Mode |ElectronModegexit [| exit)

(console!AccessorylAccessorylngexit | consolelAccessorylAccessoryOutgxit | exit)
endproc
ConstaintsSerialdefinesthe serialinputs.lIt is alsoparameterisely theindex of the
testvalueset,thoughonly setl is givenherefor brevity. The gantry, rotation, latitude,
longitudeandvertical inputsareoptionalandmay be bypassed:
procesLonstraintsSerigtonsole pendantaccelerator{index:Nat) : exit :=

(* inputvalueset0 *)

I
(

[index eql] > (* inputvaluesetl*)
consolelEnelgy !13; (* middling enegy *)
consolelDose!52; (* middling dose*)
consolelRate!25; (* middling doserate*)
consolelCollimatorX1!0; (* middling collimator X1 *)
consolelCollimatorX240; (* middling collimator X2 *)
consolelCollimatorY1!0; (* middling collimatorY1 *)
consolelCollimatorY2!40; (* middling collimatorY2 *)
(pendantGantry!179; exit [] exit) (* middling gantryangle*)

>
(pendantRotation!179; exit [] exit) (* middling rotationangle*)

>
(pendantLatitude!25; exit [| exit) (* middling latitude*)
>
(pendantLongitude!75; exit [| exit) (* middling longitude*)
>
(pendantVertical!115; exit || exit) (* middling vertical position*)
>
acceleratotRead!'MakeStatus(010); (* middling first reading*)
acceleratotRead!'MakeStatus(2526); (* middling secondreading*)
acceleratotRead!MakeStatus(2835); (* middling third reading*)
exit
)
0
(* inputvalueset2 *)
endproc

As hasbeenseenthe fairly compactannotationdor input valuesandorderingare
turned(albeitautomatically)into somecomplex constrainfprocessesThroughthe ap-
plicationof PCL annotationsthe acceleratospecificatioris restrictecto amanageable
extent. Standardestgeneratiortechniquesanthenbeapplied.



5.3 Accelerator TestGeneration

Many real-world systemscommunicatevith their environmentin a differentway from
anLTS. In particular inputsandoutputsareclearly distinguishedTheinputsof a sys-
temarealwaysenabledandcannotrefusetheactionsofferedby theervironment.After
the systemconsumesninput andproducests outputs,the ernvironmenthasto accept
theoutputs Communicatiornis thusnolongersymmetricIn [19] thiskind of behaiour
is modelledasanIOLTS (Input-OutputLabelledTransitionSystem).

Severalimplementatiorrelationshave beendefinedto expressconformanceof an
implementatiorto its specificationln theserelationsa specifications modelledasan
LTS, andanimplementatiorasanIOLTS. Thisis becauseanLTS cangive a moreab-
stractview of a systemwhile anlOLTS is closerto reality. Therelationioconf(input-
outputconformance)s appropriatefor acceleratospecificationsThis relationjudges
animplementatiorto be correctif, aftereverytraceof the specificationtheimplemen-
tation outputscan also be producedby the specification.An implementationcannot
produceoutputsthatarenot expectedby the specification.

Checkingioconf can be achieved by checkingtraceinclusion on the suspension
automatorgeneratedrom the LTS. Briefly, a suspensiomautomatoris adirectedgraph
built by determinisingheLTS andmarkingquiescenstatesThisis indicatedby adding
ad (quiescent)action’ thatloopsbackto the samestate Thealgorithmto transforman
LTS into asuspensiomautomatons describeclsavhere[19] andis not repeatedere.

Testgenerationis achieved by traversingthe suspensiormutomaton PCL annota
tions ensurethatthe acceleratospecificatiorhasfinite behaiour. A testsuiteaimsto
cover all transitionsin the automatonGeneratinga sequenceo visit every edgein a
graphat leastonceis the Chinesepostmarproblem.As suspensiomutomatanay not
be strongly connectedthe approactof [6] is adoptedasit is suitablefor all kinds of
directedgraph. This methodusesdepth-firstsearchwheneer possible.But whenan
urvisited edgecannotbe reachedthenbreadth-firstsearchs usedto find a statewith
anurvisitededge.Thewhole proceduraepeatantil all transitionshave beencovered.

Eachtransitiontour is a test caseandis saved in a testfile. The testgeneration
algorithmmayfind thata stateoffersalternatve outputswith the samegatebut differ-
entvalues.Theseoutputsaremarkedwhenthe correspondindestcasesaregenerated,
meaningthey arenot necessarilynatchedy theimplementationExecutionof thetest
suitetakesthis implementatiorfreedominto account.

CADP (CaesaAldébaranDevelopmentPackage[4]) supportsan applicationpro-
gramminginterfacethatallows userwritten programgo manipulatehe statespaceof a
givenLoTos specificationAs reportedn [12], the TestGertool hasbeendevelopedio
generatea testsuiteby creatingandtraversinga suspensiomutomatonThis tool was
developedto generatédardwaretests but hasbeenadaptedor acceleratotests.Scala-
bility problemsmainly occurwhenthereare multiple instance®of the sameprocesses.
This hasarisenwith hardware(e.g.a setof busarbiters)but not yetwith accelerators.

Theacceleratospecificatiorin section3 wasconstrainedsin sections.1and5.2.
TheresultingLTS, minimisedwith respecto obsenationalequivalencgwhichrespects
ioconf), has8616statesand11300transitions.Thereare67 distinctpathsandthustest
casesThe longesthas136 events,thoughmostare much shorter A typical testcase
givesthefollowing inputs:



mode: electronmode

energy: 13MeV (million electron-wlts)

dose: 52 MUs (monitorunits)

rate: 25MUs/minute

collimator: X10cm,X240cm,Y10cm,Y240cm

gantry: 179

couch: rotation179°, latitude25 cm, longitude75 cm, vertical115cm
dosimeters: 0 and10 MUs, 25and26 MUs, 28 and35 MUs

All inputsbut the dosimeteronesare provided during treatmentsetup.Dosimeter
inputs are pairs of readingsduring treatmentIn the above, treatmentstopswhenthe
accumulatediosebecome$3 MUs (0 + 25 + 28 MUs for the first dosimeterslightly
beyondtheplannedigureof 52 MUs). Treatmentvould have beenabortedf thesecond
dosimetetotal hadexceededhetolerancdevel (52 MUs plusthefixedvalue20 MUs).
If the treatmenttime had exceedecdthe plannedtime (10% more than % minutesin
the abore), treatmentwould have beenaborted.Control inputs and statusoutputs(not
includedin the abore) arealsogeneratecccordingto the acceleratospecification.

6 Conclusion

Radiotherap acceleratorbave beenbriefly describedAs thesearecomple, software-
controlled,safety-criticalsystemst is very desirableo systematicallyesttheir control
systemsThestructureof atypicalacceleratospecificatiorin LoTos hasbeenoutlined.
To have ary hopeof generatingealistictests,the specificatiormustbe annotated
with guidanceasto usefultestinputs.PCL annotationsiefinekey testinputs— explicit
values(say for an enumeratedype) or boundarytestvalues(for a numericrange).
Unconstrainea@ventsarealsomarked. FurtherPCL annotationglefinehow inputscan
be practicablyordered Theresultingconstraintprocesds automaticallygeneratednd
placedin parallelwith the mainbehaviour to allow a manageablautomatorto begen-
eratedA suspensioautomatons generatedrom this, andtraversedo createtestcases
thatform theacceleratotestsuite.AlthoughPCL hasbeendesignedo helpwith accel-
eratortesting,it is of generalutility andshouldbe usefulfor testingin otherdomains.
Moretheoreticatechniquesvould alsobeinteresting For example theconstrained
specificationproducedoy the approachHendthemselesto modelchecking.Desirable
specificationpropertiesinclude disalloving high-enegy beamsin electronmode, or
forbidding certainacceleratoisetups However this work is in the future. Automated
testexecutionis beingdeveloped,so currentlytestcaseshave to be appliedmanually
by theoperatorlt is alsointendedto investigatdestgeneratiorvia symbolicautomata.
Althoughtool developmentis ongoing,the paperhashopefully giveninsightinto
the practicabilityandimportanceof the approacHor testingradiotheray accelerators.
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