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Abstract

In this paper we extendthe classicalresultby Huang
Kintala, Kolettis and Fulton (1995), and in addition pro-
posea modifiedstothasticmodelto determinghe softwae
rejuvenationschedule More precisely the softwae reju-
venationmodelsare formulatedvia the semi-Marlov pro-
cessesand the optimal softwae rejuvenationschedules
which maximizethe systemavailabilities are derived an-
alytically for respectivecases. Further, we develop non-
parametric statistical algorithmsto estimatethe optimal
softwae rejuvenationschedules,provided that the statis-
tical completeg(unsensoed) sampledata of failure timesis
given.In numericalexamplesyweexamineasymptotigrop-
ertiesfor the statisticalestimationalgorithms.

1. Intr oduction

Demand®n softwarereliability andavailability havein-
creasedremendouslhydueto the natureof presentday ap-
plications. They imposestringentrequirementén termsof
cumulatvedowntimeandfailurefreeoperatiorof software,
sincein mary casesthe consequencesf softwarefailure
can lead to huge economiclossesor risk to humanlife.
However, theserequirementsare very difficult to design
for and guaranteeparticularly in applicationsof nontriv-
ial complity. When software applicationexecutescon-
tinuouslyfor long periodsof time, it agesdueto the error
conditionsthataccruewith time and/orload.
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Softwareagingwill affectthe performancef the appli-
cationandeventuallycauseit to fail. Huangetal. [1] re-
port this phenomenoin telecommunicationbilling appli-
cationswhereover time theapplicationexperiences crash
or a hangfailure. Avritzer and Weyuker [2] discussaging
in telecommunicatioswitching software wherethe effect
manifestsas gradualperformancedegradation. Software
aginghasalsobeenobsenedin widely-usedsoftwarelike
Netscapandxrn. Perhapshemostvivid exampleof aging
in safetycritical systemss the Patriot’s software[3], where
the accumulatecerrorsled to afailure thatresultedin loss
of humanlife.

Resourcdeaking and other problemscausingsoftware
to agearedueto the softwarefaultswhosefixing is not al-
wayspossiblebecausefor example,applicationdeveloper
may not have the accesgo the sourcecode. Furthermore
it is almostimpossibleto fully testandverify if a pieceof
softwareis fault-free. Testingsoftware becomesarderif
it is comple, and further more if testingand dehugging
cycle times are often reduceddue to smallerreleasetime
requirementsCommonexperiencesuggestshatmostsoft-
warefailuresaretransienin nature[4]. Sincetransienfail-
ureswill disappeaif theoperatioris retriedlaterin slightly
differentcontext, it is difficult to characteriz¢heir root ori-
gin. Therefore,the residualfaults have to be toleratedin
theoperationaphase Usualstratgiesto dealwith failures
in operationalphasearereactive in nature;they consistof
actiontakenafterfailure.

Recentlya complementargpproacho handletransient
software failures, called softwae rejuvenation was pro-
posed1]. Softwarerejuvenationis a preventive andproac-
tive (asoppositeto beingreactve) solutionthatis particu-
larly usefulfor counteractinghe phenomenormf software
aging. It involvesstoppingthe runningsoftware occasion-
ally, cleaningits internal stateand restartingit. Cleaning
the internal stateof a software might involve garbagecol-
lection, flushing operatingsystemkernel tables, reinitial-



izing internal data structures,etc  An extreme, but well
known exampleof rejuvenationis a hardwarereboot.Apart
from beingusedin an ad-hocmannerby almostall com-
puterusers rejuvenationhasbeenusedin high availability
andmissioncritical systemg1, 2, 5, 6]. Althoughthefault
in the programstill remainsperformingrejuvenationocca-
sionallyor periodicallypreventsfailuresdueto thatfault.

Rejuwenation has the same motivation and adwan-
tages/disadantagesas preventive maintenancepoliciesin
hardware systems.Any rejuvenationtypically involvesan
overheadhut it may preventmoreseverefailuresfrom oc-
curring. The applicationwill of coursebe unavailabledur-
ing rejuvenation put sincethis is a schedulediovntimethe
costis expectedto be muchlower thanthe costof anun-
scheduleddlowntime dueto a failure. Hence,animportant
issueis to determinethe optimal scheduleo performsoft-
warerejuvenationin termsof availability andcost.

In this paper we extendthe classicalresult by Huang
etal. [1], andin additionproposemodifiedstochastianod-
elsto determingheoptimalsoftwarerejuvenationschedule.
More precisely the software rejuvenationmodelsare for-
mulatedvia the semi-Marlov processandtheoptimalsoft-
ware rejuvenationschedulesvhich maximize the system
availabilities are derived analytically for respectie cases.
Further we developnon-parametristatisticalalgorithmsto
estimatethe optimal software rejuvenationschedulespro-
videdthatthe statisticalcomplete(lunsensoreddampledata
of failuretimesis given. Thesecanbe usefulin determin-
ing theoptimalrejuvenatiorschedulén theearlypartof the
operationaphasesincethefailuretime distribution cannot
be easilyestimatedrom a few datasamples.In numerical
exampleswe examineasymptotigpropertiesof the statisti-
cal estimationalgorithms.

2. Previous work

In recentyears,considerablattentionhasbeendevoted
to thephenomenonf softwareaging.For anextensve sur
vey, thereadelis referredto [7]. First,Huangetal. [1] used
a continuougime Markov chainto modelsoftwarerejuve-
nation. They consideredhe two-stepfailure modelwhere
the applicationgoesfrom the initial robust (clean)stateto
a failure probable(degraded)statefrom which two actions
arepossibleirejuvenationor transitionto failurestate.Both
rejuvenationandrecovery from failure returnthe software
systemto the robust state. Garg et al. [8] introducedthe
ideaof periodicrejuvenationinto the model. To dealwith
deterministidnterval betweersuccessie rejuvenationghe
systembehaior wasrepresentethrougha Markov regen-
eratve stochasti®etrinetmodel.

The subsequentvork [9] involvesarrival and queueing
of jobsin thesystemandcompute$oadandtime dependent
rejuvenationpolicy. The above modelsconsiderthe effect

of agingascrash/handailure, referredto ashardfailures,
whichresultin unavailability of thesoftware.However, due
to the aging the software systemcan exhibit soft failures,
thatis, performancelegradation.In [10] the performance
degradationis modeledby the gradualdecreas®f the ser
vice rate. Both effects of aging, hard failuresthat result
in an unavailability and soft failuresthat resultin perfor
mancedegradationareconsideredn the modelof transac-
tion basedsoftware systempresentedn [11]. This model
was recently generalizedn [12] by consideringmultiple
seners.

The modelsconsideredn this paperhave similar but
somevhat generalizedmathematicalstructureto that in
Huanget al. [1]. However, the approachesaken to esti-
matethe optimal softwarerejuvenationschedulesrequite
different. Notethatin the above literature,the failuretime
distribution needsto be specifiedto derive the optimal re-
juvenationscheduleandto calculatesomereliability mea-
sures. This seemgo be restrictive for useof rejuvenation
in practice sincethe determinatiorof the theoreticalistri-
bution from the real datais rathertroublesomeandneeds
both the goodness-of-fitestand the parameteestimation
basedn severalcandidatedistribution functions.Although
in the existing modeling-basedpproachthe failure time
distribution is fixed, for instance the Weibull distribution,
this hasnot yet beenvalidatedfor softwareaging. By con-
trast, our approachdoesnot dependon the kind of distri-
bution functionandcanprovide non-parametriestimators
of the optimal softwarerejuvenationschedulesvhich max-
imize systemavailabilities. Thus,we provide a very pow-
erful methodfor the applicationof rejuvenationto a real
systemoperation.

3. Model description
3.1 Basicmodel

First, we introduce the basic software rejuvenation
model proposedby Huanget. al [1]. Although they for-
mulatedit asa simple continuous-timeMarkov chain,we
extendtheir resultin the moregeneraimathematicalrame-
work. In particular we regard the software rejuvenation
modelsascontinuous-timesemi-Marlov processesDefine
thefollowing four states:

StateO: highly robuststate(normaloperatiorstate)
Statel: failureprobablestate

State2: failurestate

State3: softwarerejuvenationstate.

Supposédhatall the statesmentionedabove areregener
ation points. More specifically let Z be the randomtime
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Figure 1. Semi-Mark ovian diagram of Model 1

interval when the highly robust statechangedo the fail-
ureprobablestate having thecommondistributionfunction
Pr{Z < t} = Fy(t) with finite meanyg (> 0). Justafter
thestatebecomeshefailureprobablestate asystentailure
may occurwith a positive probability Withoutlossof gen-
erality, we assumehattherandomvariableZ is obserable
duringthe systemoperation[1, 8]. Thetransitiondiagram
for Model 1 is depictedn Fig. 1.

Definethe failuretime X (from Statel) andthe repair
time Y, having the distribution functionsPr{X < t} =
Fy(t) andPr{Y < t} = F,(t) with finite means\; (> 0)
and u, (> 0), respectiely. If the systemfailure occurs
beforetriggeringa softwarerejuvenation thentherepairis
startedimmediatelyat thattime andis completedafter the
randomtime Y elapsesOtherwise the softwarerejuvena-
tion is started. Note thatin the basicmodelreferredto as
Model 1 the softwarerejuvenationcycle is measuredrom
the time instantjust after the systementersStatel from
State0. Denotethe distribution function of the time to in-
voke the software rejuvenationand the distribution of the
time to completesoftwarerejuvenationby F..(t) and F,(t)
(with meanu,. (> 0)), respectiely. After completingthe
repairor therejuvenation the softwaresystembecomesas
good as new, and the software ageis initiated at the be-
ginning of the next highly robust state. Consequentlywe
definethe time interval from the beginning of the system
operationto the next one as one cycle, and the samecy-
cleis repeatedagainandagain. If we considerthetime to
softwarerejuvenationtime asa constant,, thenit follows
that

1 ift>t

F.(t) =U(t —to) = { 0 otherwise. @

We call to (> 0) asthe softwake rejuvenativeschedulein
this paperandU () is theunit stepfunction. Hence theun-
derlying stochastiqrocesds a semi-Marlov procesawith

four regenerationstates. Note that underthe assumption

that the sojourntimesin all statesare exponentially dis-
tributed,Model 1 is reducedo theonein Huangetal. [1].
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Figure 2. Semi-Mark ovian diagram of Model 2

3.2 Modified model

The next modelis a modification of the basic model.
When the repairis completedafter the systemfailure, is
the software systemreally renaved? Probably the answer
is “NO” in mary cases.If onedistinguishessoftwarere-
pair andthe softwarerejuvenation,an additionalrejuvena-
tion might be neededafter the softwarerepair For exam-
ple, restartingthe systemafter repair might require some
cleanupandresumingthe processexecutionat the check-
pointedstate. Suchan additionalrejuvenationpolicy has
not beenconsideredn the literaturein spite of the prac-
tical need. Figure 2 is the transition diagramfor Model
2. In this model, the software rejuvenationis performed
just after the completionof repair aswell as at the con-
stanttime to afterthefailure probablestateis enteredj.e.,
min{Z + X +Y,Z + to}.

4. Availability analysis

In this section,we formulate the systemavailabilities
for respectie models. Applying the standardechniqueof
semi-Marlov processegshesystemavailability for Model 1
becomes

Ai(to) = Pr{software system is operative

in the steady — state}
po + foto Fy(t)dt
fio + paFy(to) + peF s (to) + [3° Fy(t)dt
= Si(to)/T1(to)- )

Also, the systemavailability for Model 2 is

po + Jo" Fy(t)dt
fo + e + paFy(to) + fo° Fyp(t)dt
Sa(to) /T2 (to)- 3)

As(te) =




The problemis to derive the optimal softwarerejuvenation
scheduleg which maximizesthe systemavailability in the
steady-statel; (to) (i = 1,2).

We make thefollowing assumption:

(A-1) pa > pe-

The assumptior(A-1) meansthat the meantime to repair
is strictly larger thanthe meantime to completethe soft-
warerejuvenation.This assumptions quitereasonabland
intuitive.

The following resultsgive the optimal softwarerejuve-
nationscheduldor Modeli (i = 1, 2). Theresultsaregiven
without prooffor brevity.

Theorem1: For Model 1, (1) supposéhatthefailuretime
distributionis strictly IFR (increasindailurerate)underthe
assumption(A-1). Define the following non-linearfunc-
tion:

a1(to) = Ta(to) = { (4o — )75 (t0) + 1} S1(t0), (&)

wherer;(t) = (dFy(t)/dt)/F(t) is thefailurerate.

(i) If ¢1(0) > 0 andgi(c0) < 0, thenthereexists a finite
anduniqueoptimal softwarerejuvenationschedule
(0 < t§ < o) satisfyingq, (t5) = 0, andthe maxi-
mumsystemavailability is

1
(Ha - Nc)rf(té) +1

Au(tp) = ()

(i) If ¢1(0) < 0, then the optimal software rejuvena-
tion scheduleis t§ = 0, i.e. it is optimal to start
the rejuvenationjust after enteringthe failure prob-
able state, and the maximum systemavailability is

A1(0) = po/(po + tic)-

(iii) If g1(c0) > 0, thenthe optimal rejuvenationsched-
uleis tj — oo, i.e. it is optimal not to carry out the
rejuvenation,andthe maximumsystemavailability is

Ai(00) = (o + Ap)/ (o + pa + Ag).

(2) Supposehat the failure time distribution is DFR (de-
creasindailurerate)undertheassumptiorfA-1). Then,the
systemavailability A, (¢g) is a corvex function of ¢y, and
the optimalrejuvenationschedulas t5 = 0 or¢; — oo.

It is easyto checkthattheresultaboreimpliestheresult
in Huanget. al [1], althoughthey usedthesystendowntime
andits associatedostascriteria of optimality. As is clear
from Theoreml, whenthefailuretime obeysthe exponen-
tial distribution, the optimalsoftwarerejuvenationschedule
becomes; = 0 ortj — oo. It meanghattherejuvenation
shouldbe performedassoonasthe softwareenterghefail-
ure probablestate(to = 0) or shouldnot be performedat

all (to — o0). Therefore the determinatiorof the optimal
rejuvenationschedulebasedon the the systemavailability
is never motivatedin sucha situation. Sincefor a software
systemwhich agesit is morerealisticto assumehat fail-
ure time distribution is strictly IFR, our generalsettingis
plausibleandtheresultsatisfiesour intuition.

Similarly, consideModel 2. In thiscasetheassumption
(A-1) is notnecessarilyweeded.

Theorem 2: For Model 2, (1) supposdhatthefailuretime
distribution is strictly IFR. Definethe following non-linear
function:

@(to) = Tulto) - {nars(t0) +1}Salto).  (©)

(i) If g2(0) > 0 andgs(c0) < 0, thenthereexists a finite
anduniqueoptimal softwarerejuvenationschedules
(0 < t§ < o0) satisfyingg.(t5) = 0, andthe maxi-
mumsystemavailability is

1

A(t) = —————.
2( 0) Narf(ta) +1

(7)

(i) If ¢2(0) < 0, thenthe optimal software rejuvenation
schedules t; = 0, andthe maximumsystemavail-
ability is A>(0) = po/(po + pe)-

(iii) If g2(c0) > 0, thenthe optimal softwarerejuvenation
schedulds t§ — oo, andthe maximumsystemavail-
ability is A2(00) = (po + Ap)/ (o + pa + pe + Ay).

(2) Supposghatthefailuretime distributionis DFR. Then,
the systemavailability A2(to) is a cornvex function of ¢,
andtheoptimalsoftwarerejuvenationschedulgs t§ = 0 or
ty — oo.

In this section,we derivedthe optimal softwarerejuve-
nationscheduleshatmaximizethe systemavailabilitiesin
the steady-statelt shouldbe noted,however, thatthe op-
timal softwarerejuvenationschedulehasto be determined
from modelparametersio, pe, 1, andthefailuretime dis-
tribution F¢(t). In otherwords, it is not easyin general
to specifythe failure time distribution in the software op-
erationalphase. In the following section,we develop sta-
tistical non-parametri@algorithmsto estimatethe optimal
software rejuvenationschedulesprovided that the statisti-
cal complete(unsensoredyampledataof failure timesis
given.

5. Statistical estimation algorithms

Before developing the statisticalestimationalgorithms
for the optimal software rejuvenationschedulesye trans-
latetheunderlyingproblemsmaxo<,<oo Ai(to) (¢ = 1,2)
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Figure 3. Estimation of the optimal soft-
ware rejuvenation schedule on the two-
dimensional graph (Model 1): § = 0.9, 8 = 4.0,
po = 2.0, po = 0.04, . = 0.03

to graphicalones. Following Barlow and Campo[13], de-
finethescaledotaltimeontest(TTT) transformof thefail-
uretime distribution:

F ' p)

6(p) = (1/75) /0 Fy (t)dt, @®)

where

Ff_l(p) = inf{to; Fy(to) > p},

It is well known [13] that F(t) is IFR (DFR) if andonly
if ¢(p) is concave (corvex) onp € [0,1]. After afew alge-
braicmanipulationsye have thefollowing result.

0<p<1). 9)

Theorem 3: For Model 7 (i = 1,2), obtainingthe op-
timal software rejuvenationschedulety* maximizing the
systemavailability A;(¢o) is equivalentto obtaining p*
(0 < p* <1)suchas

o(p) + o (10)

X ’

0<p<1l p—+ B;

wherea: = A¢ + po, a2 = po/Af, b1 = pe(fta — pe) @and
B = pic/ta-

From Theorem3 it is to seethat the optimal software
rejuvenationscheduley* = Ff_l(p*) is determinedy cal-
culating the optimal point p*(0 < p* < 1) maximizing
thetangentslopefrom the point (—8;, —a;) € (—o00,0) X
(—o0,0) tothecurve (p, ¢(p)) € [0,1] x [0, 1].

Next, supposethat the optimal software rejuvenation
schedulénasto be estimatedrom anorderedcompleteob-
senation) = 9 < 27 < 25 < .- < 1z, Of thefailure
timesfrom anabsolutelycontinuoudlistribution F¢, which
is unknovn. Thenthe scaledTTT statisticsbasedon this

1

~Y
s

Figure 4. Estimation of the optimal soft-
ware rejuvenation schedule on the two-
dimensional graph (Model 2): 8 = 0.9, 8 = 4.0,
po = 2.0, pe = 0.04, . = 0.03

samplearedefinedby ¢,,; = v; /1y, Where

J
¥ =Y (n—k+1)(zx—zx-1), (G=1,2,---,m; ¢ = 0).

k=1

(11)
Sincetheempiricaldistributionfunction F;, () correspond-
ing to thesampledataz; (j =0,1,2,---,n)is

_fi/n for z; <z <zjs1,
F"(x)_{ 1 for z,<ux,

the resulting polygon by plotting the points (j/n, ¢n;)
( = 0,1,2,---,n) andconnectinghemby line sggments
is calledthe scaledTTT plot. In otherwords, the scaled
TTT plot canberegardedasa numericalcountermpartof the
scaledTTT transform.

Thefollowing resultgivesnon-parametristatisticales-
timation algorithmsfor the optimal software rejuvenation
schedules.

(12)

Theorem4: (i) Suppos¢hattheoptimalsoftwarerejuvena-
tion schedulehasto be estimatedrom n orderedcomplete
sample) = 29 < 21 < 22 < --- < z, of thefailure
timesfrom anabsolutelycontinuouddistribution F'z, which
is unknovn. Then, a non-parametri@stimatorof the op-
timal software rejuvenationschedulely which maximizes
A;(to) (¢ = 1,2) isgivenby z;+, where

o . <,25nj + o
= Ing T 13
J {J|013f§nj/n+ﬂi (13)

and); in Eq. (10)is replaceddy Y7, @ /n.

(if) Theestimatomgivenin (i) is stronglyconsistenti.e. z ;-
corvergesto the optimal solutionty* uniformly with prob-
ability oneasn — oo, if auniqueoptimalsoftwarerejuve-
nationschedulexists.



It is straightforvardto prove theaboveresultin (i) from
Theorem3. The uniform corvergencepropertyin (i) is
dueto the Glivenko-Cantellilemma(e.g. see[13]) andthe
stronglaw of large numbers.The graphicalprocedurepro-
posedherehasan educationalaluefor betterunderstand-
ing of the optimizationproblemandit is corvenientfor per
forming sensitvity analysisof the optimal software reju-
venationpolicy when differentvaluesare assignedo the
modelparameters Of specialinterestis, of course,to es-
timate the optimal schedulewithout specifyingthe failure
time distribution. Althoughsometypical theoreticaldistri-
bution functions such as the Weibull distribution and the
gammalistributionareoftenassumedh thereliability anal-
ysis,our non-parametriestimationalgorithmcangenerate
the optimal software rejuvenationscheduleusing the on-
line knowledgeabouttheobsenedfailuretimes.

Figures 3 and 4 shov the estimationresults of the
optimal software rejuvenationschedulefor Model 1 and
Model 2, respectiely, wherethe failure time datais gen-
eratedby the Weibull distribution with shapeparameter
B = 4.0 andscaleparametel® = 0.9. For 100 failure
datapoints,theestimate®f theoptimalrejuvenationsched-
ule andthe maximumsystemavailability aret} = 0.56592
and A, (£5) = 0.987813, respectiely, in Model 1. Onthe
otherhand,in Model 2, oneestimatesy = 0.377739 and
Ay(t) = 0.987027.

In this section we transformedhe underlyingalgebraic
problemto ageometricabneto seekthe maximumtangent
slope. This graphicalideawas usedto develop a statis-
tical estimationalgorithmto find the optimal rejuvenation
schedule.In the following section,we carry out the sensi-
tivity analysisof modelparameterandexamineasymptotic
propertiedor the statisticalestimatioralgorithmsusingthe
simulationdata.

6. Numerical illustrations
6.1 Availability comparison

In this section,we comparewo availability modelsand
carry out the sensitvity analysison the modelparameters.
Figuresb and6 shawv the behaior of the systemavailabili-
tiesfor Model 1 andModel 2, respectiely. Thefailuretime
distributionis the Weibull distribution:

Fi(t)=1—e /0" (14)

with meantime to failure (MTTF) givenby Ay = 6I'(1 +
1/8), whereI'(-) denoteghe standardyammafunction. As
the MTTF becomedargerfor a fixed shapeparameterthe
optimal software rejuvenationschedulewhich maximizes
the systemavailability takes a larger value for eachcase.
Also, dependencesf MTTF on the optimal softwarereju-
venationtime andits associatedvailability areinvestigated

in Figs. 7 and8, respectiely. As the MTTF getslarger,

both the rejuvenationscheduleand its associatedsystem
availability becomemonotonicallylarger. In particular it

is foundthatboththerejuvenationtime andthe availability
for Model 1 arealwayslargerthanfor Model 2. Hence,if

restartinghe systemafterrepairrequiressomecleanupand
resumingthe processexecutionat the checkpointedstate,
the rejuvenationscheduleshouldbe setat a smallervalue
thanin the casewithoutrejuvenationaftertherepair
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Figure 5. Behavior of the system availability
for Model 1: u, = 0.6, u. = 0.3, o = 240, 8 =2
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Figure 6. Behavior of the system availability
for Model 2: u, = 0.6, u. = 0.3, o = 240, 3 =2

Table 1 presentghe dependencef ratio p,/p. onthe
rejuvenationschedule. As the ratio pu,/u. increasesthe
rejuvenationtime monotonicallydecreasesand the max-
imum availability also decrease$or both models. Thus,
higherthemearrepairtimerelatveto themeantimeto per
form rejuvenation,we shouldrejuvenatethe systemmore
frequently This monotonetendenyg canalsobe obsered
for other parameters.In Table 2, we examinethe depen-
denceof ratio A /uo on the rejuvenationschedule.If the
MTTF becomedargerfor afixedtime po, i.e. the system
tendsto bemorereliable,theresultingoptimalrejuvenation
schedulecantake ratherlarge value,thatis, the optimistic
preventive maintenancehouldbe carriedout by perform-
ing rejuvenationlessandlessfrequently
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Figure 7. Comparison of two models with
respect to optimal rejuvenation schedule:
o = 0.6, . = 0.3, o =240, 8 =2
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Figure 8. Comparison of two models with re-
spect to system availability: p, = 0.6, p. =
0.3, up =240, 8 =2

Table 1. Dependence of u,/u. on the optimal

rejuvenation schedule: p. = 0.3, po = 240,

Ay = 2160, 8 = 2
Model 1

Model 2

Pa/pe  tg Ay (t5) to As(t5)
2 2364.0 0.99976 1538.5 0.99969
3 15385 0.99969 12074 0.99963
1 12074 0.99963 1013.6 0.99959
5  1013.6 0.99959 8853 0.99955
6 885.3 0.99955 7887 (0.99952
7 7887 0.99952 7158 0.99949
8 7158 099949 6574 0.99947
9 657.4 099947 6096 0.99945
10 609.6 099945 569.0 0.99943
11 569.0 099943 5351 0.99941

6.2 Asymptotic behavior

Next, we examinethe asymptoticpropertiesof the es-
timatorsdevelopedin Section5. Oneof the mostimpor-
tant problemin practicalapplicationss the speedof con-
vergenceof the estimatedor the optimal software rejuve-
nation schedules.In otherwords, sincelarge numberof
samplefailuretime datapointsarenot availablein the ear

Table 2. Dependence of As/ue on the optimal
rejuvenation schedule: p, = 0.6, u. = 0.3,

B =2, o = 240
Model 1 Model 2

As /o tg Ay (to %) tg As(ts)
2 359.7 0.99927 213.1 0.99913
3 629.8 0.99943 387.0 0.99930
4 1180.2 0.99961 571.5 0.99942
5 1484.7 0.99966 761.1 0.99950
6 1780.7 0.99971 953.8 0.99957
7 2053.3 0.99974 1148.8 0.99962
8 2364.1 0.99976 1345.0 0.99967
9 2643.8 0.99978 1538.5 0.99969
10 2066.7 0.99980 1742.5 0.99972
11 3193.7 0.99982 1937.6 0.99974
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Figure 9. Asymptotic behavior of the maxi-
mum system availability for Model 1: § = 0.9,
B=4.0, po = 2.0, pg = 0.04, . = 0.03

lier partof the operationaphasejt is importantto investi-
gatethenumberof datapointsatwhichonecanestimatehe
optimal software rejuvenationscheduleaccuratelywithout
specifyingthe failure time distribution. Figures9 and 10
illustrate the asymptoticbehaior of the estimatedor the
systemavailabilities. The failure time dataare generated
by the Weibull distribution with shapeparameteis = 4.0
andscaleparametef) = 0.9. In the figures,the horizon-
tal lines denotethe real maximumsystemavailabilities for
respectie models.

In these figures, the miximum availabilities A;(#})

(i = 1,2) arecalculatedin accordancevith the estima-
tion algorithmin Theorem, Wherethesamplemeanj\f =
> k—1 Zr/n changesasthe failure time datais obsered.
From Figs. 9 and 10, it is seenthat the estimateof the
optimal rejuvenationschedulefluctuatesuntil the number
of obsenationsis about20. This resultenablesusto use
thenon-parametrialgorithmproposedhereto estimatepre-
ciselytheoptimalsoftwarerejuvenationschedulainderthe
incompleteknowledgeof thefailuretime distribution.
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Figure 10. Asymptotic behavior of the maxi-
mum system availability for Model 2: 8 = 0.9,
B8 =4.0, po = 2.0, pe = 0.04, p. = 0.03

7. Conclusion

In this paper we have analyzedtwo generalizedsoft-
warerejuvenationmodelsand developeda statisticalnon-
parametrialgorithmto estimatethe optimal softwarereju-
venationschedulesvhich maximizethe systemavailabili-
ties. Theresultingestimatordor the optimal softwarereju-
venationschedulesave quite nice corvergenceproperties
and are usefulin applyingto a real softwarein operation
without specifyingthe underlyingfailure time distribution.
In fact, the measurement-basegpproachin the literature
[7] to performthe effective software rejuvenationrequires
much effort to measurehe physicalcharacteristicef the
system Also, themodeling-basedpproachestudiedn the
literaturecan not explain the software aging phenomenon
completely sincethe underlyingfailuretime distribution is
unknownin mary casesThestatisticalapproactdeveloped
in this paperis simple,andcanguaranteahe real optimal
softwarerejuvenationschedulef thenumberof failuretime
databecomedarge. Suchanon-line estimationalgorithm
shouldbeappliedto complex softwaresystemssuchasthe
transaction-basezbftwaresystems.
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