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Abstract

A closed-loopfeedback control modelof the Software
TestProcess(STP)is described.Themodelis groundedin
thewell establishedtheoryof AutomaticControl. It offers
a formal and novel procedure for usingproductreliability
or failure intensityasa basisfor closedloop control of the
STP. The reliability or the failure intensityof the product
is compared against the desired reliability at each check-
point and thedifferencefedback to a controller. Thecon-
troller usesthisdifferenceto computechangesnecessaryin
theprocessparameters to meetthereliability or failure in-
tensityobjectiveat the terminal checkpoint (the deadline).
TheSTPcontinuesbeyonda checkpointwith a revisedsetof
parameters. Thisprocedure is repeatedat each checkpoint
until the terminationof the STP. The procedure accounts
for the possibilityof changes,during testing, in reliability
or failure intensityobjective, the checkpoints,and the pa-
rameters thatcharacterizetheSTP. Theeffectivenessof this
procedure wasstudiedusingcommercial dataavailablein
thepublicdomainandalsofromthedatageneratedthrough
simulation.In all casestheuseof feedbackcontrol produces
adequateresultsallowingtheachievementof theobjectives.

1 Intr oduction

Softwarereliability is a well known metric of software
quality [7]. Reliability �����
	 of a software product is the
probability of its failure free operationduring the time in-
terval � ��
��
	 for a given operationalpro�le. [13] Failure
intensityof softwareis thenumberof failuresexperienced
perunit time of executionandis denotedby �����
	 . A vari-
ety of modelshave beenproposedto estimate�����
	 using

�
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estimatesof �����
	 thatarederivedfrom failuredataobtained
duringa testof thesoftwareproduct.Thetestis conducted
using inputs generatedin accordancewith an operational
pro�le which is aprobabilitydistributionontheinputspace
of thesoftwareproduct.[13]

Proposedhereis a novel approach,basedon feedback
control,thatallows a softwaretestmanagerto make useof
in-testreliability or failure intensitymeasurementsto con-
trol theprogressof thetestsoasto meetthequality objec-
tive by thedeadline.Thequality objective is speci�edasa
reliability metric at sometime prior to the startof the test
processandis to be met by a deadline. Measurementsof
reliability or failureintensityatcheckpointsduringthepro-
cessarecomparedwith thoseestimatedusingtheproposed
modeland the differenceis fed back to a controller. The
controllerthencomputesa�nite setof possiblechangesthat
the testmanagercouldselectfrom to alter the testprocess
soasto possiblymeetthequalityobjectiveby thedeadline.
Two key parametersthat thecontrollerallows to bemanip-
ulatedare the size of the workforce dedicatedto the test
processandthequality of thetestprocess.

The strengthand novelty of our approachlies in the
(a) useof a controller in the feedbackloop that is based
on well proven techniquesof feedbackcontrol in various
domainsof engineeringand (b) the �e xibility allowed to
thetestmanagerin that thesuggestedchangesmayor may
notbeignoredandthequalityobjectivesrevisedin-process.
Feedbackallows themodelto adjustitself andlearnabout
the processover time. The ability to ignorerecommenda-
tions from the modelallows the testmanagerto postpone
alterationsto theprocessdueto oneor moreof a varietyof
reasonssuchasbudgetaryconstraints,marketpressure,etc.
Even in the casewhererecommendationsfrom the model
areignoredthroughoutthetestprocess,themodelis useful
in that it predictswhenthequality objective will likely be
met if no changeis madeto the process.In a casestudy



conductedusinga similar model, indeedthe testmanager
ignoredall recommendationsonly to �nd that the project
was completed12 weekslater than the datepredictedby
thetestmanagerandonly 2 weekslaterthanthatpredicted
by themodel.[3]

Theremainderof thispaperis organizedasfollows. Sec-
tion 2 describesModel S andits applicationto thecontrol
of the STP. The methodusedto evaluatethe model is de-
scribedin Section3. Resultsfrom theevaluationexercises
andtheir analysesappearin Sections4 and5 respectively.
A discussionof thiswork relatedto its applicabilityin prac-
tice is in Section6.

2 A StateModel of the STP

We �rst review the context in which feedbackcontrol
is being usedand then describea statevariablemodel of
theSTP. Themathematicalbackgroundrequiredfor a com-
pleteunderstandingof thematerialin this sectionis found
in standardtexts on automaticcontrol[8, 12]. Theestima-
tion of �����
	 usingthefailureintensity �����
	 , is discussedin
theliterature[13, 17]. Theproposedcontrolproceduredoes
not favor or recommendany speci�c modelfor theestima-
tion of reliability. In theremainderof this paperwereferto
theproposedmodelasModel S.

2.1 FeedbackControl of the STP

Considerthesystemtestphaseof asoftwareproduct.We
assumethatatthestartof thisphaseaTestManageris given
a quality objective for theendproductandthedeadlineby
which this objective must be met. The quality of a soft-
wareproductcanbespeci�edusingoneor moreof quality
metricstwo of whichbeingits reliability andthenumberof
remainingerrors. In Model S we usefailure intensityas
the quality metric sincereliability canbe directly derived
from it.

We furtherassumethatto planandmonitortheprogress
of the STP, the test managerdivides the entire phase
into a sequenceof � � � checkpointsdenoted by
cp��� cp�����	�	�
� cp� with cp� beingthe �rst checkpointafter
testinghasbegun and cp

�

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 thedeadlineand �




�

is thedesiredfailure intensityof theproductat checkpoint
cp� .

Theuseof feedbackcontrolduringtheSTPis illustrated
in Figure 1. The �gure shows four key componentsthat
participatein the control process.Theseare the Actual
STPwhichconsistsof thetestengineers,tools,documenta-
tion,etc.,aState Model of theSTPwhichis Model S,
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Figure 1. Closed loop contr ol of the software
test process using reliability measurements.
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�

���
	 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 � .

a Controller , andtheTest Manager . Themanage-
mentdecideshow many testersto employ to testtheprod-
uct. This numberis the initial valueof ��� . TheTestMan-
agerestimatesthe quality � of the testprocess.The com-
plexity of thesoftwareundertestis computedasa convex
combinationof severalwell known quality metricssuchas
thenumberof functionpoints,linesof code,andthenum-
ber of data�o ws [3]. An initial estimateof ��� is madeof
thesoftwareproductreadyto enterthetestphase.

At checkpointcp�
����� � , the failure intensity �

� of the
softwareproductis estimatedandcomparedagainsttheex-
pectedvalue ���

� computedby the StateModel. The error
signal ���

���

�

��


 �

� is input to a controller. Using this
errorsignal, ��� , ��� , and � , thecontrollercomputesa setof
possiblechanges� �"!

�

and �#�$! that couldbe madeto ���

and � , respectively, in orderfor theSTPto meetthequality
objectiveonor beforethedeadline.Thecomputedchanges
aremadeavailable to the TestManagerwho may or may
not chooseto ignorethem. ThoughFigure1 givesthe im-
pressionthatonly a singlepair ( � �%!

�

and �#�
! ) of valuesis
outputby the controller, in reality the controlleroutputsa
�nite setof suchpairsfrom which theTestManagercould
select.TheSTPresumeswith a workforceof ( �

�'&
�#�

� )
anda processqualityof ( �

&
�#� ), where � �

� and ��� de-
notetheactualchangesmadeby theTestManager.

TheSTPmodelandtheControllerwork togetherto form
afeedbackcontrolloopin theSTP. Unforeseendisturbances
in the STPareaccountedfor by updatingestimatesof the
modelparameters.The control loop offers the TestMan-
ageropportunitiesto make alterationsto the STP at any
checkpoint. Thesealterationscould comein many forms
suchasa changein thenumberof testers,or in thequality
of the testprocess,or in the testobjectivesthemselves,or



any combinationof these. Thus, the inherentuncertainty
andthe variability of the STPis well accountedfor in the
feedbackcontrolloop.

2.2 The StateModel

A linearmodelof theSTPis basedonthreeassumptions
with consequentequationspresentedbelow [2]. Theseas-
sumptionsarebasedonananalogyof theSTPwith a phys-
ical processtypi�ed by a spring-mass-dashpotsystem.The
widespreaduseof differentialequationsto modelsomany
different typesof systems[6, 12] combinedwith the fact
that mostof suchmodelsweredevelopedusinganalogies
to physicalsystemswith assumptionssimilar[9, 16] to ours
furtherjustify thechoiceof asecondorderlinearmodel.

Assumption 1: The magnitudeof the rateof decreaseof
failureintensityof a softwareproductis proportionalto the
net appliedeffort during the testphaseandinverselypro-
portionalto thecomplexity of theproduct,

�

�

�

�

�

�
�

�

�

�

�

�

� ���
	 ��� (1)

The �rst assumptionis justi�ed as follows. When the
samemetricor combinationof metricsis usedto compute
softwarecomplexity for two differentprogramsundertest,
it is reasonableto expect that more effort will be neces-
sary to test the more complex programand consequently
decreasefailureintensity( � ).

The net appliedeffort ( �

� ) is the balanceof all the ef-
fort appliedduringthetestphase.This resultsfrom thedif-
ferenceof the effective effort appliedby the testteammi-
nusany “frictional” forcesthatdecreasetheappliedeffort.
Since � representsfailure intensity, its �rst derivative

�

� is
the failure intensityreductionvelocity ( �

�

). Consequently,
�

� , which denotesthe rate of changeof
�

� , is an accelera-
tion. Thus,the conceptsof velocity andaccelerationhave
counterpartsin thetestphase.

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

�

���

�

���
�

�����
	 (2)

Assumption2 canbe understoodwith anotheranalogy.
In a springthe restoringforce is determinedby the spring
stiffnessandby how muchthespringis extendedbeyondits
naturallength. Increasingthespringstiffnessor theexten-
sion increasesthe restoringforce. The effective testeffort
canbe interpretedin an analogousway. The failure inten-
sity is analogousto the springlength. At thebeginningof
thetestphase� is largerthanit is towardstheend. Hence,
theeffectiveeffort decreasesas � decreases.Thework force

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

Assumption 3: The resistanceto a decreasein the failure
intensityis proportionalto thethevelocity of failure inten-
sity andinverselyproportionalto theoverall quality of the
testphase,for anappropriateconstant� ,
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�

�

�

�

� ���
	 (3)

This assumptionimplies that the fasterone tries to re-
ducethe failure intensity the more likely one is to make
mistakeswhich slows theentireprocess.A physicaldash-
pot canbeusedto explain this behavior. Thecoef�cient of
viscosityof theliquid insidethedashpotis

�

�

. Therefore,a
smallcoef�cient of viscosityis analogousto the testphase
beingconductedin asmoothandcarefulway and,thus,the
numberof new errorsinsertedis small. Largercoef�cient
of viscosity is analogousto the testphasein which more
errorsareintroducedthanwould be introducedundernor-
mal circumstances.Thevelocity componentin thedashpot
is analogousto the failure intensityreductionvelocity (

�

� ).
Thus,theoverall quality of the testphase,denotedby ( � ),
andthe rateat which failure intensityis decreasing,deter-
minesthefailureintensityreductionresistanceeffort which
is analogousto thedampingforcegeneratedby thedashpot.
In Eqn.3, � is merelya constantof proportionality.

CombiningEqs.1, 2, and 3 and organizingin a State
Variableformat(

�




���




&���� ) producesthefollowing
systemof equations.
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Model S shown in Figure1 consistsof Eqs.4 and5. A
solution to theseequations,with appropriateestimatesof
parametervalues,generates�$�

�

���
	 in Figure1. Using the
relationshipin Eq.6, onecomputes���

�
���
	 .

���*) 	

�

�

��+-,

�/.*0 (6)

2.3 Estimation of model parameters

� � is relatively easyto computeas it is de�ned to be
thenumberof testerstestingtheproduct.Thevalueof �%�

mustbe adjustedfor any part-timeandtemporaryperson-
nel. Parameters�

� and � arecomputedby applyinga con-
vex combination[10] of availablemetrics. The remaining



parametersareestimatedthroughtheuseof SystemIdenti-
�cation [11] techniques[5]. An importantcharacteristicof
ourapproachis thatestimatesof all parametersareupdated
at eachcheckpointtherebyimproving their accuracy with
thepassageof time. Changesin thetestenvironment,such
asin theworkforceandthequalityof theSTP, areaccounted
for asandwhenthey occur.[3]

2.4 Computing �#�"!

�

and �#�
!

In a feedbackcontrol system,the largesteigenvalueof
thesystemdeterminestheslowestrateof convergenceand
dominateshow fast the outputvariablesconverge to their
desiredvalues.Therefore,in orderto control �����
	 sothatit
reachesits desiredvalueby thedeadline�

� , wemustadjust
the largesteigenvalueappropriately. Given ����� 	 , the fail-
ure intensityat time � , and ����� & � �
	 , thedesiredfailure
intensityat time � � later, we usethefollowing equationto
determinetheamountby which to adjustthe largesteigen-
value ������� .1

�����
&

� �
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���	� 	

�

��

�������

� (7)

We know thevaluesof ���	� 	 , �����
&

� �
	 and � � at check-
point cp�

��� � � and hencewe solve Eq. 7 and �nd the
value of ������� . The eigenvaluesof a systemare de�ned
by the roots of the characteristicpolynomial ( ��� ��� 	

�

�

�

� � ��� 


��� ). Computingthe characteristicpolynomial
of ourmodelleadsto
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(8)

where
�

�

�

�
&

�

� and
�

�
�

�

�
��&

�

��� . UsingEq.8 we
computethevariationsin thework forceandin thequality
of theprocessnecessaryto meetthedesiredquality objec-
tiveby thedeadline.

3 Evaluation of Model S

Two studieswere undertaken to evaluate the perfor-
mance of Model S. One study, referred to as Case
Study I , is basedon dataavailablein thepublic domain.
Theotherstudywasconductedusingsimulation. A sensi-
tivity analysisof our model[4] basedon tensorproduct[1]
indicatesits closenessto reality andsensitive to changesin
parameters.

1Thesymbol � is usedin mathliteratureto representtheeigenvaluesof
asystem.� is alsousedin theSoftwareReliability to representfailurein-
tensity. To avoid confusionandkeepuniformity with SoftwareReliability
standardswedecided,in this paper, to representtheeigenvaluesof system
by thesymbol  .

3.1 Case Study I

In onestudy, hereafterreferredto asCase Study I ,
thefailuredatawasobtainedfrom theData& AnalysisCen-
ter for Software(DACS),SoftwareReliability Dataset,Sys-
tem Code1.[14] The project is a real time commandand
control applicationwith 21,700deliveredobject codein-
structions,asdescribedin DACSweb-page.A total of 136
failureswerefoundduringthesystemtestoperationsphase.
Thecheckpointsfor this casestudywereassumedto occur
at regular intervalsof 10 daysduringsystemtest. Theob-
servedfailureintensityof theproductat cp� is computedas
the averagefailure intensity for the periodbetweencp�

�

�

andcp� . An executiontimemodelis usedin thiscase,but it
is not a requirement.Theexpectedfailure intensityis gen-
eratedby Model S with � �

�"!

�

�$# , � �

�&% , �

�

� � ' ,
�

�

�

�

% and �

�)(*(

�$#,+ . The value for � � representsthe
numberof KDOCI (Kilo DeliveredObject CodeInstruc-
tions)sinceit is theonly complexity metricdirectlyderived
from theinformationavailableabouttheproject.Thevalues
for ��� and � weresetarbitrarily dueto lack of data. This
doesnot posea problemwhen the alterationsin �"� sug-
gestedby thefeedbackcontrollerareconsideredaspercent-
ages.Thus,for example,anincreaseof 1.5in �

� represents
a 50% increasein the actualwork force. A similar argu-
mentappliesto thequalityof theprocess( � ). Theexpected
behavior wasintentionallyset to have a fasterdecreasein
failureintensitythantheactualprojecthencejustifying the
valueschosenfor � and � .

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



In thesecondstudysimulationwasusedto generatedata
to furtherevaluateModel S. First, theexpecteddecayof
the failure intensity is computedat eachcheckpoint (cp� )
usingtheequation

� cp�

�

� �

�

����� cp� (9)

where � � is the initial failure intensityand
�

�

theexpected
failure intensitydecay. Solving Eq. 9 at eachcheckpoint
leadsto theexpectedfailureintensityfor a speci�c project.
The correspondingreliability is computedby �

�

�/) 	

�

�

� +

�

0 [13]. An exampleof the expectedfailure intensity
decayandthecorrespondingreliability canbeobserved in
Figures2 and 3. The unit of time in both �gures is days.
Theuseof Model S with thevaluesof theparametersset
to � �

� ( , � �

� % , �

�

� � ' , �

�

� �$# and �

�

'

% produces
resultssimilar to thoseobservedin Figure2. As described
below, Eq.9 wasusedto simplify theintroductionof distur-
banceinto thesimulatedtestprocess.Similar resultscanbe
obtainedfrom Model S by producingarandominput(

$
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Figure 3. Expected and disturbed reliability
(R) growth at each check point for a speci�c
software test process.

The expectedvaluesgeneratedas above are then per-
turbedto producedeviations from the expectedbehavior.
The deviations are producedby changesin the expected
failure intensitydecayparameter. If

�

�

is theexpectedde-
cay, the new valuesfor the disturbedfailure intensityde-
cay parameterare generatedby

�




� cp� 	

���

� cp� 	 �

�

�

�

	 ,
where �

� cp� 	

�

� � 	 ���	�	� �

�

�

! and
�

is a constantbetween
� � '�
 �

�

� � 	 . Theresultsof suchperturbationin thefailure
intensitydecayandthecorrespondingreliability areshown
in Figures2 and 3. We assumea negative perturbation,
i.e.,adelayin thetestprocess.A lesslikely positivepertur-
bationcanalsobe observedandwasnot investigated.We

believe that from a controlpoint of view a delayin thetest
processis a moreusefulcaseto behandlethana speedup
in theprocess.
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Figure 4. Obser ved failure intensity for Case
Study I and the results obtained from the
application of Model S.

After thedetectionof a deviation from theexpectedbe-
havior, Model S is usedto calculatepossiblechangesin

�
� and � to correctsuchdeviations.Thetestmanagermust

decideon the numberof checkpoints ( � � in Eq. 7) that
canbetoleratedfor theprocessto convergeto theexpected
behavior andthenfeedbackcanbeusedasdescribedin Sec-
tion 2.4.A testmanagerhastwo alternativesto selectfrom:

1. Ignoretherecommendationsof thecontrollerandwait
until the next checkpoint to re-evaluatethe process.
This is a feasiblesituationwhenthedeviationfrom the
expectedbehavior is not large; whenthe accuracy of
the collecteddata is not within safelimits; or when
budgetconstraintsprevent the implementationof the
recommendations.

2. Implementthe recommendationspartially or fully. If
thetestmangerdecidesto fully implementrecommen-
dationsof thecontroller, whetheror not therewill bea
delayin theapplicationof thesolutionsrecommended
by thecontroller. For example,supposethecontroller
�nds that the sizeof the testteamshouldbe increase
by 2. In theabsenceof any delay, i.e. two testersare
availablefor work during the time following the cur-
rent checkpoint,feedbackcanbe applieddirectly. If
thereis a delay, suchas when the HumanResource
Departmentneedstwo weeksto hire a tester, Model
S is usedto predictthebehavior for thenext two weeks
whenthecontrollerre-evaluatestheprocessto provide



a setof possiblesolutions. The sameconsiderations
arevalid if thetestmanagerdecidesto applypartially
therecommendations.Thedifferenceis thatanexten-
sionof thedeadlineis predictedby themodel.

Thesimulationresultspresentedin Section4 accountfor
all thealternativespresentedabove.Thoughvariationin pa-
rametersis alsopresentin thesimulationruns,in thispaper
we restrictourselvesto thediscussionof simulationresults
usingtheparametervaluespresentedearlierin this section.
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Figure 5. Obser ved reliability for Case
Study I and the results obtained from the
application of Model S.
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Figure 6. Prediction of Model S with no
chang es in the software test process and
the result of the feedbac k application for the
software test process for Case Study I .
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Figure 7. Prediction from Model S for the de­
crease of failure intensity in a disturbed test
process without the application of feedbac k.

4 Results

4.1 Resultsfr om Case Study I

Figure4 depictstheexpectedandobservedfailureinten-
sitiesfor Case Study I andFigure5 doesthesamefor
thereliability values.Ascanbenoticed,theobservedvalues
divergefrom theexpectedones.Thoughdeviationsareob-
servedearlyin theprocess,weassumethatthetestmanager
hasdecidedto ignorethemuntil checkpoint 5 (i.e. 50days
from thestartof thetestprocess).Figure6 showstheimpact
of nochangesin theprocessandtherevisedexpecteddead-
line. Figure6 alsoshows theimpactof feedbackto achieve
thedesiredfailureintensityonor beforethedeadline.

4.2 Simulation Results

A totalof two hundredsimulationrunswerecarriedout.
In this sectionwe presentthe resultsof onesimulationrun
to exemplify thebehavior of Model S.

Thoughdeviations from the expectedbehavior are ob-
servedfrom thebeginningof theprocess,in thesimulation
runs,actionsaretakenonly at checkpoint 9, i.e. cp� = 90
daysfrom the startof the project. It wasdecidedto post-
ponetheapplicationof themodeluntil cp� to make it more
interesting. Thereis no time restrictionto the application
of Model S but the processis moresensitive to changes
at initial periodsasdescribedin a sensitivity analysis[4].
Therefore,the choiceof postponingthe useof the model
doesnotbiastheresultsin any way.
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Figure 8. Prediction from Model S for reliabil­
ity growth in a disturbed test process without
the application of feedbac k.

Simulation CaseI

The resultsof applyingModel S to a disturbedtestpro-
cessarepresentedin Figures7 and8. In this case,it is as-
sumedthat thedeviation in thetestprocessis observedbut
no actionis taken by the testmanager. The modelis used
to predictthenew deadlineto meetthefailure intensityre-
quirements.It canbeobservedthatit will take47extradays
to reachthedesired� with nochangesin theprocess.
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Figure 9. Result in the decrease of failure
intensity from the immediate application of
feedbac k contr ol in a disturbed test process.

Simulation CaseII

For this case,we assumethat thedeviation in the testpro-
cessis observedandactiontaken immediately. This often
impliesthatresourcesarepromptlyavailableto increasethe
sizeof thetestteamor to improvethequalityof thetestpro-
cess.The eigenvalueof the systemmustsetto -0.0357in
orderto correctthedeviationatcp� andarriveat thedesired
resultwithin 60 days( � �

�

' � ). Thefeedbackalternative
provided by the model to achieve this goal, by increasing
the work force, is shown in Figures11. The model also
providesall thepossiblecombinationsof increasing� � , �

andaltering the deadline. However, a discussionof these
alternativesis beyondthescopeof this paper. Theresultof
properlyincreasingthework force( � � � ) or increasingthe
overall quality of thetestprocess( �#� ) or any combination
of themareshown in Figures9 and10.
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Figure 10. Result in the reliability growth from
the immediate application of feedbac k contr ol
in a disturbed test process.

Simulation CaseIII

The resultsof simulationcaseIII canbe observed in Fig-
ures12 and13. In this case,the deviation is observed at
checkpoint 9 (cp� ) but resourcesare not promptly avail-
ableanda delay in improving the processperformanceis
expected.A threeweekdelayis assumed.Thedelaycanbe
dueto thehiring processin casethetestmanagerchooseto
increasethe sizeof the test teamor dueto the acquisition
of a better testingtool and the training processassociate
with it. Undersuchconditions,Model S is usedto predict
the expectedbehavior for the subsequentthreeweeksand
thenfeedbackis appliedto computethealternativesto ob-
tain thedesiredresultsprior to thedeadline.To achievethis
goal, the eigenvalueof thesystemneedsto be -0.0415. A
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Figure 11. Eigenvalue relationship for
chang es in �#��� for sim ulation case II.

increaseof 3.2 in thework force( � �
� ) is associatedwith

thiseigenvalue.Thequalityof thetestprocess( �#� ) cannot
beincreaseasmuchasnecessaryto placetheeigenvalueof
thesystemin thedesiredposition.Therefore,casea 3.2 in-
creasein thework force is not available,a combinedsolu-
tion of increasingboth ��� and � shouldbeapplied.Again,
Model S providesall possiblealternativesfor changesin

�#��� and �#� , but ananalysisof theseresultsis beyondthe
scopeof this paper.

0 50 100 150 200 250
-2

0

2

4

6

8

10

12

14

16

fa
ilu

re
 in

te
ns

ity

time in days

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

expected failure intensity             
observed failure intensity             
model prediction for a three week delay
result from feedback                   
check points                           

Figure 12. Result in the decrease of failure in­
tensity from the application of feedbac k 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 feedbac k contr ol in a dis­
turbed test process after a three week delay.

5 Analysis

In a maturedevelopmentenvironmentthe accuracy of
thedatacollectedis likely to behigh dueto theuseof data
andexperiencefrom pastsimilarprojectsanddueto astan-
dardizedevelopmentprocess.Suchenvironmentsarelikely
to befoundin companiesat Levels4 or 5 of theCapability
Maturity Model (CMM) [15]. Theaccuracy of thedataand
thestandardizedevelopmentprocessmakestheapplication
of Model S moretrustworthy but is not a requirementfor
theapplicationof themodel.

5.1 Analysisof Case Study I

As observed in Figure6 the time neededto achieve the
desiredlevel of failure intensity( �$� ) increasesto 107days
if no changesaremadein theprocessat cp� . At this point,
the maximum eigenvalue of the systemmust be set to -
0.1018to make the testprocessconverge to �

� within 32
days.Theincreasein �

� neededto achievethisgoalis pre-
sentedin Figure14. This goalcannotbeachievedby mak-
ing changesonly to � , i.e.,evenif �#� is setto its maximum
value it is not possibleto completethe projectby the ex-
pecteddeadline.A multidimensionalsolutionof combined
changesin �

� and � is presentedin Figure15.

5.2 Analysisof the Simulation Results

An analysisof the resultsof the threesimulationcases
presentedin Section4.2is givenin this section.
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Figure 14. Eigenvalue relationship for
chang es in �#��� for Case Study I .

Analysisof Simulation CaseI

Thoughpresentingadeviation from theexpectedfailurein-
tensity decay, changesin the processare not allowed for
simulationcaseI andModel S is usedto predictthe be-
havior for the remainingperiod. This fact imposesa delay
of 47daysto achievethedesiredfailureasobservedin Fig-
ure7. In thiscasethenew deadlinefor theprojecthasto be
extendedto day197.

Analysisof Simulation CaseII

At checkpoint9 (cp� ) theobservedfailureintensityis 6.52
and the desiredone is 2.53. Therefore,the test manager
must take someaction to correct the deviation. Assume
the test managerhas decidedin favor of a passive, i.e.,
hasdecidedto correctthedeviation in six checkpointsand
thus reachthe desiredfailure intensity only by the dead-
line (cp

�
� ). The eigenvalueneededto achieve this goal is

-0.0357andanincreaseof 2.3 in thesizeof thework force
( � �

�

� !

�

% ) is one solution, as depictedin Figure 11,
assumingthat thereareno changesin � . The analysisof
simulationcaseII alsocloncludesthat it is not possibleto
achieve thedesiredresultsby increasingthequality of the
test processwhile retaining the work force at its current
value. � hasa 0.6 valuefor the processunderconsidera-
tion. Therefore,in this case,�#� rangesfrom 0 to 0.4 and
evenits maximumvaluedoesnotproducethedesiredeigen-
value. Alternativesto increaseboth ��� and � ( � ��� � �

and �#� ��� ) to placethesystemeigenvalueat -0.0357are
presentedin Figure16.
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Figure 15. Alternatives of combined chang es
in � �

� and �#� to achieve the desired results
within the deadline for Case Study I .

Analysisof Simulation CaseIII

ThedifferencebetweensimulationcaseII andIII is a three
week delay to implementthe changesin 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 S is thenusedto predict
the failure intensityvalueof 4.9 for threeweeksaftercp� .
Feedbackis thenappliedsoasto setthesystemeigenvalue
at -0.0415andmake theprocessconvergefrom 4.9 to 2.53
in 45 days. The work force needsto be increasedby 3.2,
thoughonceagainit is not possibleto achieve the desired
resultsby only increasing� . The setof alternativesto in-
crease� and ��� andplacethesystemeigenvalueat -0.0415
is not presentedherebut the resultsaresimilar to theones
in Figure16. In generalwe canconcludethat: the longer
thedelay, thelargerthechangesneededto makethesystem
convergeto thedesiredvalue.Indeed,undercertaincircum-
stancesit canslow down a testprocessinsteadof acceler-
ating it as is indicatedby the sensitivity analysisreported
elsewhere[4].

6 Discussion

Model S is astatemodelfor thecontrolof thetestpro-
cesswith failure intensityasthecontrol variable.With lit-
tle modi�cation, theapproachcanbeusedto controla test
processbasedon the estimatedreliability or failure inten-
sity ( � ) of the product. Any one or more modelsfor the
computationof reliability couldbeused.Model S relates
the effort and quality of the processto the failure inten-
sity/reliability level andprovidesmechanismsto correctde-
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Figure 16. Alternatives of combined chang es
in � � � and �#� to achieve the desired results
within the deadline for sim ulation case II.

viations in the process. A set of solution to correctsuch
deviationsis providedby themodel.Theuseof Model S
enhancesthe controllability and predictability of the STP
emergingasa powerful tool to beusedby testmanagers.

Theresultsfrom thesimulationrunsandthecasestudy
usingdatain publicdomainoffer evidencein supportof the
applicabilityof themodel.Certainlyadditionalexperiments
andcasestudiesareneededto furtherstudythemodelbe-
havior, resultspresentedhereareencouraging.

A sensitivity analysisof ourmodel [4] suggestschanges
to accountfor frictional forcesrelatedto thecomplexity of
theproductundertest. Suchchangeswill make themodel
behavior moreaccurateandmoresensitiveto changesin the

�
� parameter.
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