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Abstract

A closed-loopfeedbak contwol modelof the Softwae
TestProcesqSTP)is described. Themodelis groundedin
the well establishedheoryof AutomaticControl. It offers
a formal and novel procedue for using productreliability
or failure intensityas a basisfor closedloop contmwl of the
STP Thereliability or the failure intensity of the product
is compaed againstthe desied reliability at ead ched-
point and the differencefed bad to a controller. Thecon-
troller useshis differenceto computechangesnecessaryn
the procesgparametes to meetthe reliability or failure in-
tensityobjectiveat the terminal chedpoint (the deadline).
TheSTPcontinueseyonda chedkpointwith a revisedsetof
parametes. Thisprocedue is repeatedat eat chedkpoint
until the terminationof the STP The procedue accounts
for the possibility of changes, during testing in reliability
or failure intensityobjective the chedkpoints,and the pa-
rametes that characterizethe STR Theeffectivenessf this
procedue wasstudiedusingcommecial dataavailablein
thepublicdomainandalsofromthedatageneatedthrough
simulation.In all casegheuseof feedbak control produces
adequateesultsallowing theachievemenbf theobjectives.

1 Intr oduction

Softwarereliability is a well known metric of software
quality [7]. Reliability of a software productis the
probability of its failure free operationduring the time in-
tenal for a given operationalpro le. [13] Failure
intensity of softwareis the numberof failuresexperienced
per unit time of executionandis denotedby . A vari-
ety of modelshave beenproposedo estimate using
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estimate®f thatarederivedfrom failuredataobtained
duringatestof the softwareproduct. Thetestis conducted
using inputs generatedn accordancewith an operational
pro le whichis aprobabilitydistributionontheinputspace
of thesoftwareproduct[13]

Proposechereis a novel approachbasedon feedback
control, thatallows a softwaretestmanageto make useof
in-testreliability or failure intensitymeasurementt® con-
trol the progresof the testsoasto meetthe quality objec-
tive by the deadline.The quality objectie is speci ed asa
reliability metric at sometime prior to the startof the test
processandis to be met by a deadline. Measurementsf
reliability or failureintensityat checkpointgluringthe pro-
cessarecomparedvith thoseestimatedisingthe proposed
model andthe differenceis fed backto a controller The
controllerthencomputes nite setof possiblechangeshat
the testmanagercould selectfrom to alter the testprocess
soasto possiblymeetthe quality objective by thedeadline.
Two key parametershatthe controllerallows to be manip-
ulated are the size of the workforce dedicatedto the test
processandthe quality of thetestprocess.

The strengthand novelty of our approachlies in the
(a) useof a controllerin the feedbackloop that is based
on well proventechniquesof feedbackcontrol in various
domainsof engineeringand (b) the e xibility allowed to
thetestmanagein thatthe suggested¢hangesnay or may
notbeignoredandthequality objectivesrevisedin-process.
Feedbaclallows the modelto adjustitself andlearnabout
the processover time. The ability to ignorerecommenda-
tions from the modelallows the testmanageito postpone
alterationgo the processlueto oneor moreof avariety of
reasonsuchasbudgetaryconstraintsmarket pressureetc.
Evenin the casewhererecommendationffom the model
areignoredthroughouthetestprocessthe modelis useful
in thatit predictswhenthe quality objective will likely be
metif no changeis madeto the process.In a casestudy



conductedusinga similar model, indeedthe testmanager
ignoredall recommendationsnly to nd that the project
was completed12 weekslater than the date predictedby

thetestmanageandonly 2 weekslaterthanthatpredicted
by the model [3]

Theremaindeof thispapelis organizedasfollows. Sec-
tion 2 describesModel S andits applicationto the control
of the STR The methodusedto evaluatethe modelis de-
scribedin Section3. Resultsfrom the evaluationexercises
andtheir analysesappearin Sections4 and5 respectiely.
A discussiorof thiswork relatedto its applicabilityin prac-
ticeisin Section6.

2 A StateModel of the STP

We rst review the context in which feedbackcontrol
is being usedand then describea statevariable model of
the STP The mathematicabackgroundequiredfor acom-
pleteunderstandingf the materialin this sectionis found
in standardexts on automaticcontrol[8, 12]. The estima-
tion of usingthefailureintensity  , is discussedn
theliteraturg[13, 17]. Theproposecatontrolprocedureloes
not favor or recommendary speci ¢ modelfor the estima-
tion of reliability. In theremaindeof this papemwe referto
theproposednodelasModel S.

2.1 FeedbackControl of the STP

Considethesystentestphaseof asoftwareproduct.We
assumehatatthestartof this phasea TestManageiis given
a quality objective for the end productandthe deadlineby
which this objective mustbe met. The quality of a soft-
wareproductcanbe speci ed usingoneor moreof quality
metricstwo of which beingits reliability andthe numberof
remainingerrors. In Model S we usefailure intensityas
the quality metric sincereliability canbe directly derived
fromiit.

We furtherassumehatto planandmonitorthe progress
of the STR the test managerdivides the entire phase
into a sequenceof checkpoints denoted by
cp cp cp with cp beingthe rst checkpointafter
testinghasbegun andcp the deadline. The realization
of the ultimate quality objective is distributed over these
checkpoints. Thus, checkpointcp is speci ed as a pair
( ), where is sometime prior to the deadlineand
is the desiredfailure intensity of the productat checkpoint
cp .

Theuseof feedbaclkcontrolduringthe STPis illustrated
in Figure 1. The gure shows four key componentghat
participatein the control process. Theseare the Actual
STPwhichconsistof thetestengineerstools,documenta-
tion,etc.,aState Model oftheSTPwhichisModel S,
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Figure 1. Closed loop contr ol of the software
test process using reliability measurements.

is the estimate of the failure intensity at
checkpoint cp . is the expected failure
intensity of the product computed by Model
S at checkpoint cp .

aController ,andtheTest Manager. The manage-
mentdecideshow mary testersto employ to testthe prod-
uct. This numberis theinitial valueof . The TestMan-
agerestimateghe quality of the testprocess.The com-
plexity of the softwareundertestis computedasa corvex
combinationof severalwell known quality metricssuchas
the numberof function points,lines of code,andthe num-
berof data o ws [3]. An initial estimateof is madeof
the softwareproductreadyto enterthetestphase.

At checkpointcp , thefailureintensity  of the
softwareproductis estimatecandcomparedagainsthe ex-
pectedvalue  computedby the StateModel. The error
signal is input to a controller Using this
errorsignal, , ,and ,thecontrollercomputesa setof
possiblechanges and that could be madeto
and , respectiely, in orderfor the STPto meetthe quality
objective on or beforethe deadline.The computedchanges
are madeavailable to the TestManagerwho may or may
not chooseto ignorethem. ThoughFigure 1 givesthe im-
pressiorthatonly a singlepair ( and ) of valuesis
outputby the controller, in reality the controller outputsa
nite setof suchpairsfrom which the TestManagercould
select.The STPresumewwith aworkforceof ( )
anda procesgjuality of ( ), where and de-
notetheactualchangesnadeby the TestManager

The STPmodelandthe Controllerwork togethetto form
afeedbaclcontrolloopin theSTR Unforeseemlisturbances
in the STPareaccountedor by updatingestimatesf the
model parameters.The control loop offers the Test Man-
ageropportunitiesto make alterationsto the STP at ary
checkpoint. Thesealterationscould comein mary forms
suchasa changen the numberof testersor in the quality
of the testprocesspr in the testobjectvesthemseles,or



ary combinationof these. Thus, the inherentuncertainty
andthe variability of the STPis well accountedor in the
feedbackcontrolloop.

2.2 The StateModel

A linearmodelof the STPis basednthreeassumptions
with consequenequationgpresentedelon[2]. Theseas-
sumptionsarebasedn ananalogyof the STPwith a phys-
ical procesgypi ed by aspring-mass-dashpeystem.The
widespreadiseof differentialequationgo modelso mary
differenttypesof systemg$6, 12] combinedwith the fact
that mostof suchmodelswere developedusing analogies
to physicalsystemswith assumptionsimilar[9, 16] to ours
furtherjustify the choiceof asecondrderlinearmodel.

Assumption 1: The magnitudeof the rate of decreasef
failureintensityof a softwareproductis proportionalto the
net appliedeffort during the testphaseand inverselypro-
portionalto the compleity of the product,

— (1)

The rst assumptions justi ed asfollows. Whenthe
samemetric or combinationof metricsis usedto compute
softwarecompleity for two differentprogramsundertest,
it is reasonableo expectthat more effort will be neces-
saryto testthe more complex programand consequently
decreaséailureintensity( ).

The netappliedeffort () is the balanceof all the ef-
fort appliedduringthetestphase This resultsfrom thedif-
ferenceof the effective effort appliedby the testteammi-
nusary “frictional” forcesthatdecreasehe appliedeffort.
Since representgailure intensity its rst derivative is
thefailure intensityreductionvelocity (). Consequently

, which denoteshe rate of changeof , is an accelera-
tion. Thus,the conceptof velocity andacceleratiorhave
counterpartin thetestphase.

Assumption 2: The magnitudeof the effective testeffort
is proportionalto the productof appliedwork forceandthe
failureintensity i.e., for anappropriated ,

(@)

Assumption2 canbe understoodvith anotheranalogy
In a springthe restoringforce is determinedby the spring
stiffnessandby how muchthespringis extendedbeyondits
naturallength. Increasingthe springstiffnessor the exten-
sionincreaseghe restoringforce. The effective testeffort
canbe interpretedn ananalogousvay. Thefailure inten-
sity is analogougo the springlength. At the beginning of
thetestphase is largerthanit is towardsthe end. Hence,
theeffectiveeffort decreaseas decreasesThework force

canbe relatedto the springstiffness. The larger the work
force, the greaterthe restoringforce, i.e., the effective ef-
fort. Thusspring stiffnessis analogougo and spring
extensionto failureintensity( ). In Eqn.2, remainscon-
stantover a period and mustbe calibratedfor the project
underanalysis.

Assumption 3; The resistancdo a decreasén the failure
intensityis proportionalto thethe velocity of failureinten-
sity andinverselyproportionalto the overall quality of the
testphasefor anappropriateconstant ,

- @)

This assumptiorimplies that the fasterone tries to re-
ducethe failure intensity the more likely oneis to make
mistaleswhich slows the entire process.A physicaldash-
pot canbe usedto explain this behaior. The coefcient of
viscosityof theliquid insidethe dashpois —. Thereforea
smallcoefcient of viscosityis analogougo thetestphase
beingconductedn a smoothandcarefulway and,thus,the
numberof new errorsinsertedis small. Larger coefcient
of viscosityis analogoudo the testphasein which more
errorsareintroducedthanwould be introducedundernor-
mal circumstancesThe velocity componentn thedashpot
is analogougo the failure intensityreductionvelocity ( ).
Thus,the overall quality of the testphasedenotedby ( ),
andthe rate at which failure intensityis decreasingdeter
minesthefailureintensityreductionresistanceffort which
is analogouso the dampingforcegeneratedy the dashpot.
In Egn.3, is merelyaconstanbf proportionality

CombiningEgs. 1, 2, and 3 and organizingin a State
Variableformat ( ) produceghe following
systemof equations.

(4)

(5)

Model S shown in Figurel consistsof Egs.4 and5. A
solutionto theseequationswith appropriateestimatesof
parametewvalues,generates in Figurel. Usingthe
relationshipin Eqg. 6, onecomputes

(6)
2.3 Estimation of model parameters

is relatively easyto computeasit is de ned to be
the numberof testergestingthe product. The value of
mustbe adjustedfor ary part-timeandtemporaryperson-
nel. Parameters and arecomputedby applyinga con-
vex combinatior{10] of available metrics. The remaining



parameterareestimatedhroughthe useof Systemldenti-
cation [11] technique$5]. An importantcharacteristiof
our approachs thatestimate®f all parameterareupdated
at eachcheckpointtherebyimproving their accurag with
the passagef time. Changesn the testervironment,such
asin theworkforceandthequality of theSTR areaccounted
for asandwhenthey occur[3]

2.4 Computing and

In a feedbackcontrol system,the largesteigervalue of
the systemdetermineghe slowestrate of corvergenceand
dominateshow fastthe outputvariablescorverge to their
desiredvalues.Thereforejn orderto control sothatit
reachests desiredvalueby thedeadline , we mustadjust
the largesteigervalueappropriately Given , the fail-
ureintensityattime , and , thedesiredfailure
intensityattime  later, we usethefollowing equationto
determinethe amountby which to adjustthe largesteigen-
value 2

()
We know the valuesof , and atcheck-
point cp and hencewe solve Eq. 7 and nd the

value of The eigervaluesof a systemare de ned
by the roots of the characteristicpolynomial (

). Computingthe characteristigpolynomial
of our modelleadsto

— (8)

where and . UsingEqg.8 we
computethe variationsin the work force andin the quality
of the processecessaryo meetthe desiredquality objec-
tive by thedeadline.

3 Evaluation of Model S

Two studieswere undertalen to evaluate the perfor
mance of Model S. One study referredto as Case
Study 1, is basedon dataavailablein the public domain.
The otherstudywasconductedusingsimulation. A sensi-
tivity analysisof our model[4] basedon tensorproduct[1]
indicatesits closenesso reality andsensitve to changesn
parameters.

1Thesymbol is usedin mathliteratureto representhe eigevaluesof
asystem. is alsousedin the Software Reliability to represenfailurein-
tensity To avoid confusionandkeepuniformity with Software Reliability
standardsve decidedjn this paperto representhe eigetvaluesof system
by thesymbol .

3.1 Case Study |

In onestudy hereaftereferredto asCase Study |,
thefailuredatawasobtainedromtheData& AnalysisCen-
terfor Software(DACS),SoftwareReliability DatasetSys-
tem Code1.[14] The projectis a real time commandand
control applicationwith 21,700delivered object codein-
structions asdescribedn DACSweb-pageA total of 136
failureswerefoundduringthesystemtestoperationphase.
The checkpointsfor this casestudywereassumedo occur
atregularintervals of 10 daysduring systemtest. The ob-
senedfailureintensityof theproductatcp is computedas
the averagefailure intensity for the period betweencp
andcp . An executiontime modelis usedin this caseput it
is not arequirement.The expectedfailure intensityis gen-
eratedby Model S with , , ,

and . Thevaluefor representshe
numberof KDOCI (Kilo Delivered Object Code Instruc-
tions)sinceit is the only compleity metricdirectly derived
from theinformationavailableabouttheproject. Thevalues
for and weresetarbitrarily dueto lack of data. This
doesnot posea problemwhenthe alterationsin sug-
gesteddy thefeedbaclcontrollerareconsideredspercent-
ages.Thus,for example,anincreasef 1.5in  represents
a 50% increasein the actualwork force. A similar argu-
mentappliesto the quality of theprocesg ). Theexpected
behaior wasintentionallysetto have a fasterdecreasén
failureintensitythanthe actualprojecthencejustifying the
valueschoserfor and .

3.2 Case Study |l
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Figure 2. Expected and disturbed decay of
failure intensity ( ) at each check point for
a speci ¢ software test process.



In thesecondstudysimulationwasusedto generatelata
to furtherevaluateModel S. First, the expecteddecayof
the failure intensity is computedat eachcheckpoint (cp )
usingtheequation

cp cp %)

where istheinitial failureintensityand theexpected
failure intensity decay Solving Eq. 9 at eachcheckpoint
leadsto the expectedfailure intensityfor a speci ¢ project.
The correspondingreliability is computedby

[13]. An exampleof the expectedfailure intensity
decayandthe correspondingeliability canbe obsenedin
Figures2 and 3. Theunit of time in both gures is days.
Theuseof Model S with thevaluesof the parameterset
to , , , and produces
resultssimilar to thoseobsenedin Figure2. As described
below, Eq.9 wasusedto simplify theintroductionof distur
banceinto the simulatedtestprocess Similar resultscanbe
obtainedrom Model S by producingarandominput( ).
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Figure 3. Expected and disturbed reliability

(R) growth at each check point for a specic
software test process.

The expectedvaluesgeneratedas above are then per
turbedto producedeviations from the expectedbehavior.
The deviations are producedby changesin the expected
failureintensitydecayparameterlf s the expectedde-
cay, the new valuesfor the disturbedfailure intensity de-
cay parametefare generatecdby  cp cp ,
where cp and is a constantbetween

. Theresultsof suchperturbationin thefailure
intensitydecayandthe correspondingeliability areshovn
in Figures2 and 3. We assumea negative perturbation,
i.e.,adelayin thetestprocessA lesslikely positive pertur
bationcanalsobe obsened andwas not investigated.We

believe thatfrom a control point of view a delayin thetest
processs a moreusefulcaseto be handlethana speedup
in theprocess.
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Figure 4. Observed failure intensity for Case

Study | and the results obtained from the
application of Model S.

After the detectionof a deviation from the expectedbe-
havior, Model S is usedto calculatepossiblechangesn

and to correctsuchdeviations. Thetestmanagemust
decideon the numberof checkpoints( in Eq. 7) that
canbetoleratedfor the procesgo corvergeto the expected
behaior andthenfeedbaclcanbeusedasdescribedn Sec-
tion 2.4. A testmanagehastwo alternatvesto selectfrom:

1. Ignoretherecommendationsf the controllerandwait
until the next checkpoint to re-evaluatethe process.
Thisis afeasiblesituationwhenthedeviationfrom the
expectedbehaior is not large; whenthe accurag of
the collecteddatais not within safelimits; or when
budgetconstraintsprevent the implementationof the
recommendations.

2. Implementthe recommendationpartially or fully. If
thetestmangedecidego fully implementrecommen-
dationsof thecontroller, whetheror nottherewill bea
delayin the applicationof the solutionsrecommended
by the controller For example,supposehe controller
nds thatthe size of the testteamshouldbe increase
by 2. In theabsencef ary delay i.e. two testersare
availablefor work during the time following the cur
rent checkpoint,feedbackcan be applieddirectly. If
thereis a delay suchaswhenthe HumanResource
Departmenneedstwo weeksto hire a tester Model
Sisusedto predictthebehaior for thenext two weeks
whenthe controllerre-evaluateshe procesgo provide



a setof possiblesolutions. The sameconsiderations
arevalid if thetestmanagedecidego apply partially
therecommendationsThe differenceis thatan exten-
sionof thedeadlineis predictedby the model.

Thesimulationresultspresentedh Sectiord accountor
all thealternatvespresente@bove. Thoughvariationin pa-
rameterss alsopresentin the simulationruns,in this paper
we restrictoursehesto the discussiorof simulationresults
usingthe parametewaluespresenteaarlierin this section.
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Figure 5. Observed reliability for Case
Study | and the results obtained from the
application of Model S.
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Figure 7. Prediction from Model Sfor the de-
crease of failure intensity in a disturbed test
process without the application of feedback.

4 Results
4.1 Resultsfrom Case Study |

Figure4 depictsthe expectedandobsenedfailureinten-
sitiesfor Case Study | andFigure5 doesthe samefor
thereliability values.As canbenoticed theobsenedvalues
divergefrom the expectedones.Thoughdeviationsareob-
senedearlyin theprocessye assumehatthetestmanager
hasdecidedo ignorethemuntil checkpoint5 (i.e. 50 days
from thestartof thetestprocess)Figure6 shavstheimpact
of nochangesn the procesandtherevisedexpecteddead-
line. Figure6 alsoshowvs theimpactof feedbacko achieve
thedesiredfailureintensityon or beforethe deadline.

4.2 Simulation Results

A total of two hundredsimulationrunswerecarriedout.
In this sectionwe presenthe resultsof onesimulationrun
to exemplify thebehavior of Model S.

Thoughdeviations from the expectedbehaior are ob-
senedfrom the beginning of the processin the simulation
runs,actionsaretakenonly at checkpoint 9, i.e. cp =90
daysfrom the startof the project. It wasdecidedto post-
ponethe applicationof themodeluntil cp to makeit more
interesting. Thereis no time restrictionto the application
of Model S but the procesds more sensitve to changes
at initial periodsasdescribedn a sensitvity analysis[4].
Therefore,the choiceof postponingthe use of the model
doesnotbiastheresultsin arny way.
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Figure 8. Prediction from Model Sfor reliabil-
ity growth in a disturbed test process without
the application of feedback.

Simulation Casel

The resultsof applyingModel S to a disturbedtestpro-
cessarepresentedn Figures7 and8. In this caseit is as-
sumedthatthe deviation in the testprocesss obsened but
no actionis taken by the testmanager The modelis used
to predictthe new deadlineto meetthe failure intensityre-
guirementslt canbeobsenredthatit will take 47 extradays
to reachthedesired with nochangesn theprocess.
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Figure 9. Result in the decrease of failure
intensity from the immediate application of
feedback contr ol in a disturbed test process.

Simulation Casell

For this case we assumehat the deviation in the testpro-
cessis obsenedandactiontakenimmediately This often
impliesthatresourcesirepromptlyavailableto increasehe
sizeof thetestteamor to improvethequality of thetestpro-
cess. The eigervalue of the systemmustsetto -0.0357in
orderto correctthedeviationatcp andarriveatthedesired
resultwithin 60 days( ). Thefeedbaclkalternatve
provided by the modelto achieve this goal, by increasing
the work force, is shavn in Figures11l. The modelalso
providesall the possiblecombinationsof increasing
and altering the deadline. However, a discussiorof these
alternatvesis beyondthe scopeof this paper Theresultof
properlyincreasinghework force ( ) orincreasinghe
overall quality of thetestprocesqg ) or ary combination
of themareshawn in Figures9 and10.
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Figure 10. Result in the reliability growth from
the immediate application of feedback contr ol
in a disturbed test process.

Simulation Caselll

The resultsof simulationcaselll canbe obsenedin Fig-
ures12 and13. In this case,the deviation is obsered at
checkpoint 9 (cp ) but resourcesare not promptly avail-
ableanda delayin improving the processperformancds
expected A threeweekdelayis assumedThedelaycanbe
dueto the hiring processn casethetestmanagechooseo
increasethe size of the testteamor dueto the acquisition
of a bettertestingtool and the training processassociate
with it. UndersuchconditionsModel Sis usedto predict
the expectedbehaior for the subsequenthreeweeksand
thenfeedbackis appliedto computethe alternatvesto ob-
tainthedesiredresultsprior to the deadline.To achiese this
goal, the eigervalueof the systemneedsto be-0.0415. A
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increaseof 3.2in thework force ( ) is associateavith
thiseigervalue.Thequality of thetestproces§ ) cannot
beincreaseasmuchasnecessaryo placetheeigervalueof
thesystemin the desiredposition. Therefore casea 3.2in-
creasen the work forceis not available,a combinedsolu-
tion of increasingooth and shouldbeapplied.Again,
Model S providesall possiblealternatvesfor changesn

and , butananalysisof theseresultsis beyondthe
scopeof this paper
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Figure 12. Result in the decrease of failure in-
tensity from the application of feedback con-
trol in a disturbed test process after a three
week delay.
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Figure 13. Result in the reliability growth from
the application of feedback control in a dis-
turbed test process after a three week delay.

5 Analysis

In a maturedevelopmentervironmentthe accurag of
thedatacollectedis likely to be high dueto the useof data
andexperiencdrom pastsimilar projectsanddueto a stan-
dardizedevelopmeniprocessSuchervironmentsarelik ely
to befoundin companiest Levels4 or 5 of the Capability
Maturity Model (CMM) [15]. Theaccurag of the dataand
the standardizelevelopmentprocessnakesthe application
of Model S moretrustworthy but is not a requirementor
theapplicationof themodel.

5.1 Analysisof Case Study |

As obseredin Figure6 the time neededo achieve the
desiredevel of failureintensity( ) increaseso 107 days
if nochangesaremadein the processatcp . At thispoint,
the maximum eigervalue of the systemmust be setto -
0.1018to make the testprocesscornvergeto  within 32
days.Theincreasen  neededo achiere thisgoalis pre-
sentedn Figure14. This goalcannot beachiezedby mak-
ing change®nlyto ,i.e.,evenif is setto its maximum
valueit is not possibleto completethe projectby the ex-
pecteddeadline.A multidimensionabkolutionof combined
changesn and ispresentedn Figurel5.

5.2 Analysis of the Simulation Results

An analysisof the resultsof the threesimulationcases
presentedn Sectiond.2is givenin this section.
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Analysis of Simulation Casel

Thoughpresentinga deviation from theexpectedfailurein-
tensity decay changesn the processare not allowed for
simulationcasel andModel S is usedto predictthe be-
havior for the remainingperiod. This factimposesa delay
of 47 daysto achieve the desiredfailureasobsenedin Fig-
ure?. In this casethe new deadlinefor the projecthasto be
extendedo day197.

Analysis of Simulation Casell

At checkpoint9 (cp ) theobsenedfailureintensityis 6.52

andthe desiredoneis 2.53. Therefore,the testmanager
must take someactionto correctthe deviation. Assume
the test managerhas decidedin favor of a passve, i.e.,

hasdecidedto correctthedeviation in six checkpointsand

thus reachthe desiredfailure intensity only by the dead-
line (cp ). Theeigervalueneededo achieve this goalis

-0.0357andanincreaseof 2.3in thesizeof thework force

( ) is one solution, as depictedin Figure 11,

assuminghat thereareno changesn . The analysisof

simulationcasell alsocloncludeghatit is not possibleto

achieve the desiredresultsby increasingthe quality of the

test processwhile retainingthe work force at its current
value. hasa 0.6 valuefor the processunderconsidera-
tion. Therefore,n thiscase, rangesfrom 0 to 0.4and

evenits maximumvaluedoesnotproducehedesireceigen-
value. Alternativesto increaseboth  and (

and ) to placethe systemeigervalueat -0.0357are

presentedn Figurel6.

0 0.5 1 15 2

Figure 15. Alternatives of combined changes
in and to achieve the desired results
within the deadline for Case Study |I.

Analysis of Simulation Caselll

Thedifferencebetweersimulationcasell andlll is athree
week delayto implementthe changesn the STP At cp
the failure intensity value is 6.52 and must drop to 2.53
within 60 days. Due to the delay feedbackcannot be di-
rectlyappliedin thiscase Model Sisthenusedto predict
the failure intensityvalueof 4.9 for threeweeksaftercp .
Feedbaclks thenappliedsoasto setthe systemeigervalue
at-0.0415andmalke the procescornvergefrom 4.9to0 2.53
in 45 days. The work force needsto be increasedy 3.2,
thoughonceagainit is not possibleto achieve the desired
resultsby only increasing . The setof alternatvesto in-
crease and andplacethesysteneigervalueat-0.0415
is not presentedherebut the resultsare similar to the ones
in Figure 16. In generalwe canconcludethat: the longer
thedelay thelargerthe changesieededo make thesystem
corvergeto thedesiredvalue.Indeed undercertaincircum-
stancest canslow down a testprocesdnsteadof acceler
ating it asis indicatedby the sensitvity analysisreported
elsavhere[4].

6 Discussion

Model Sis astatemodelfor the controlof thetestpro-
cesswith failure intensityasthe control variable. With lit-
tle modi cation, the approachcanbe usedto controlatest
processhasedon the estimatedreliability or failure inten-
sity () of the product. Any one or more modelsfor the
computatiorof reliability couldbeused.Model S relates
the effort and quality of the processto the failure inten-
sity/reliability level andprovidesmechanismso correctde-
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Figure 16. Alternatives of combined changes
in and to achieve the desired results
within the deadline for simulation case Il.

viationsin the process. A setof solutionto correctsuch
deviationsis providedby the model. Theuseof Model S
enhanceshe controllability and predictability of the STP
emegingasa powerful tool to be usedby testmanagers.

The resultsfrom the simulationrunsandthe casestudy
usingdatain publicdomainoffer evidencein supportof the
applicabilityof themodel.Certainlyadditionalexperiments
andcasestudiesare neededo further studythe modelbe-
havior, resultspresentedhereareencouraging.

A sensitvity analysisof ourmodel [4] suggestghanges
to accountfor frictional forcesrelatedto the complexity of
the productundertest. Suchchangesill make the model
behaior moreaccurateandmoresensitveto changeén the

parameter
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