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Abstract

In this paper, weintroducea simpleanalyticalmodeling
approach for computingserviceunavailability dueto long
responsetime, for infinite and finite single-serversystems
aswell as for multi-serversystems.Closed-formequations
of systemunavailabilitybasedon theconditionalresponse
time distributionsare derivedand sensitivityanalysesare
carried out to analyzethe impactof long responsetimeon
serviceunavailability. The evaluation providespractical
quantitativeresultsthat can help distributedsystemdevel-
opers in designdecisions.

1 Intr oduction

Distributed systemswidely sustainour day-to-daylife
providing servicefor a large numberof enterprises,pro-
ducingbusinessopportunitiesandoffering new servicesto
customers.Suchsystemsshouldideally remainoperational
supportingcorrectservicedespitethe occurrenceof unde-
sirableevents.

Serviceunavailability may result from several causes
suchas i) failuresin servicehosts,in the communication
infrastructure[1] or in theusersite,or ii) heavy loadslead-
ing to overloadedservers.Fromtheuserviewpoint, theser-
vice is perceivedasdegradedor evenunavailableif there-
sponsetime is too long comparedto what he or sheis ex-
pecting.A long responsetime maydiscouragesomeusers
who will visit otherserviceproviders.For instance,if a re-
questtakes30 secondsto complete,usersmayconsiderthe
requestfailed.

The goal of this paper is to provide a modeling ap-
proachfor computingserviceunavailability dueto long re-
sponsetime, relying on Markov rewardmodelsandqueue-
ing theory. We analyzethe long responsetime effects
on serviceunavailability without distinguishingthevarious�
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causesleadingto long responsetime. We introducea flexi-
ble mathematicalabstractionthat is generalenoughto cap-
ture the essenceof unavailability behavior dueto long re-
sponsetime. We analyzethis measureat steadystate,start-
ing with a single-serverqueueingsystem,thenmulti-server
queueingsystemsareconsidered.The aim of our work is
twofold:� Evaluatetheeffectsof long responsetimeson service

unavailability.� Provide practicalquantitative resultsthat canhelp in
designdecisions.

The derivation of the response-timedistribution is
widely recognizedto benottrivial [8]. Someinterestingap-
proacheshavebeenproposedto definemeasurescombining
performanceanddependabilityissues[7, 6, 3]. [7, 6] intro-
ducedamodelfor hardandsoftreal-timesystems,while [3]
hasconsideredtransactionalsystemsin which failuresmay
bedueto frequentviolationof responsetime constraints.

The modelingapproachpresentedthis paperbuilds on
and extendsthe work introducedin [3]. The latter work
usesi) a Markov modelto evaluatesystemavailability, and
ii) a taggedjob approachto computetheresponsetime dis-
tribution. We take a stepfurtherby providing closed-form
equationsfor response-timedistributionandfor serviceun-
availability dueto long responsetime in singleandmulti-
server systems.Theclosed-formequationsarederivedus-
ing the well-known gammafunction. We presentseveral
sensitivity analysesto illustratehow the designerscanuse
themodelsto guidethesystemdesign.

The paperis organizedas follows. Section2 defines
theavailability measurebasedon responsetime. In section
3, we introducethemodelingapproachusingsingleserver
queueingsystems.This is followedby sensitivity analysis
resultsillustratingthemeasurebehavior. Section4 provides
a modelingapproachusingmulti-server queueingsystems
with sensitivity analysis.Section5 concludesthepaper.



2 Availability measure definition

Steadyserviceavailability may be definedasthe long-
termfraction of time of actuallydeliveredservice.We as-
sumethat the servicestatesasperceived by the usersare
partitionedinto two sets:i) a setof statesin which theser-
vice is perceivedasavailableandii) thecomplementaryset
in which theserviceis perceivedasunavailable.

Let
�

denotethesetof all servicestates,and ��� : be the
probabilitythattheserviceis in state� at steady-state.

In order to definethe serviceavailability basedon the
responsetime, let usintroduce�	��
 �
� : therandomvariabledenotingtheresponsetime

giventhatthesystemis in � at steady-state;�	� : themaximumacceptableresponsetime (i.e., if the
responsetime is longer, the serviceis consideredas
unavailable), this metric can indicatenetwork delays
or an overloadedserver; it is also referredto as the
maximumresponsetime requirement;��� : thequality of servicerequirement(or theaccepted
quality of service)representingtheminimumfraction
of requeststhatsatisfythemaximumresponsetimere-
quirement;�	��� ��
 ����� ��� : the conditionalresponse-timedistribu-
tion (i.e., theprobabilitythattheresponsetimeof are-
questis lower thanor equalto � , giventhatthesystem
is in state� at steady-state).

Using the definitions above, the serviceis said to be
availableif thefollowing conditionis satisfied��� ��
 �
��� ������� (1)

Let us denoteby � the statesin which the serviceis
available(i.e., equation(1) is satisfiedfor all states� , ��� 

to � ). Thus, the serviceavailability ! and the service
unavailability "#! aregivenby:

!$� %& �('*) � �*+ "�!$�-,/. %& �('*) � � (2)

Theevaluationof theunavailability measurebasedonre-
sponsetime is carriedout accordingto thefollowing steps.
First, oneneedsto specifythe servicemodeldescribingin
particularthedistributionof requestarrivalsandprocessing
timesaswell astheserverscapacity. Basedon this specifi-
cation, ��� ��
 �
�0� ��� and � � canbe obtainedfor a given � .
For a given � , using ��� ��
 �
�1� �2�3�4� , � is derived,then
theavailability is computedby equation(2). It is worth to
mentionthat the two parameters,� and � characterizethe
quality of serviceandshouldbespecifieda priori. For ex-
ample,onecanspecify � to beequalto � �  65 7 and � �48

seconds.This meansthat theserviceresponsetime should
belessthan5 secondsfor at least90%of all requests.

In thefollowingsections,wewill i) build analyticalmod-
els for single-server systemsandfor multi-server systems,
andii) derive closed-fromequationsfor theconditionalre-
sponsetimeprobabilityandserviceunavailability.

3 Singleserver queueingsystems

In thissection,weassumethattheserver is modeledasa
singlequeueingsystemwith exponentialarrival andservice
times.Themodelingapproachusingsingleserverqueueing
systemsis carriedout in two steps. First, we model the
availability measurebasedontheresponsetimedistribution
atsteady-stateandthensomenumericalsensitivity analysis
resultsarepresented.9;:=< >@?;A�B*CED=F�G
3.1.1 Conditional responsetime distrib ution

In this simplestexample,we assumethat thereis only a
singleprocessservingthe incomingrequestsat a constant
rate H requests/sec.Thesystemis assumedto be in state�
whenthereare � requestsin the system( �;.I, waiting for
servicein the queueandonebeingserved). By definition,
if a requestarrivesgiventhattherearealready� requestsin
the system,thenthe total time spentin the systemby the
request,denotedas ��
 �
� , is givenby asumof �6J	, random
variables.Sincethe randomvariablesareindependentand
identicallydistributedwith mean ,LKMH , it canbeshown that��
 �
� is describedby anErlangdistribution [2] asfollows

��� ��
 �
��� �2� �N,/. �&O '*) 
 H � �
OPRQTSVURW�X (3)

Let usconsidertheincompletegammafunction1 defined

as Y 
 �ZJ[,�\
H � �]�_^	`URW�X SVURa=b � � b .
Usingthefactthatc ,�Jed1J dgff Q JihjhkhlJ d OPRQnm SVU�o � Y 
 P J[,�\pdq�Y 
 P J[,M���� ��
 �
��� �2� canbeexpressedasfollows

��� ��
 �
��� ��� �N,/. Y 
 �*Ji,V\
H � �Y 
 �*Ji,L� (4)

1Note that r�sutwvyx{z is definedby the following integral rRs(twv|x{z;}~�����k�g��������� . If t is a positive integer, then r�s(tRv�x{z3}$t�� . It is also

importantto notethat t is notacomplex number.



3.1.2 Serviceunavailability

Considera systemaccessibleto a very large population.
Thearrival processis characterizedby requestsarriving at
anaveragearrival rateof � requests/sec.Thisassumptionis
known asthesingleclassor homogeneousworkload.

We first assumethatall requestsarriving arequeuedfor
service.This assumptionis known asinfinite buffer. Then
wewill considerthefinite buffer case.All theanalysespre-
sentedassumethat the systembeinganalyzedis in opera-
tionalequilibrium.

3.1.3 Infinite buffer

Requestsarrive at the systemat a rate of � requests/sec,
queuefor service,getservedat rate H requests/secandde-
part. Sucha systemis a traditionalM/M/1 queuesystem
[2], in which theprobability(��� ) thatthereare � requestsat
steady-stateis well-known

� � � 
 ,/.��w�=� � (5)

where�����W refersto theload.

Therefore,equation(2) becomes!I� %& �('*) 
 ,�.��w�=� � .
Usingthefactthat

%& �('*) � � � ,3.�� %����,/.�� , we obtain

!$�-,/.�� %���� + "#!$�[� %���� (6)

3.1.4 Finite buffer

For a systemsupportingat most � requestsincluding the
requestbeingprocessed(finite buffer) denotedby M/M/1/b
queuesystem,wehave

!_� ,/.�� %����,/.��g� ��� + "#!$�-,/. c ,/.�� %����,/.��q� ��� m (7)

where����� .
Table 1 summarizesthe equationsfor user perceived

unavailability due to long responsetime in single server
queueingsystems.Recall that the computationof "#! re-
quiresto calculate� which correspondsto the maximum
valueof � satisfyingequation(1).9;:�� �]BZF �VD�¡gD�¢�D�¡j£-¤¥F�¤�C�£;�VD¦�

In this section,somenumericalresultsarepresentedin
order to illustrate the behavior of "#! usingthe equations
derivedin Table1.

Conditionalresponsetime probability

��� ��
 �
��� ��� �N,/. Y 
 �*Ji,V\
H � �Y 
 �*Ji,L�
Unavailability dueto long responsetime for
anM/M/1 queuesystem

"#!$�i� %����
Unavailability dueto long responsetime for
anM/M/1/b queuesystem

"#!$�N,/.T§ � UR¨�©*ªg«� U�¨�¬ ª­«¯®
Table 1. Closed-f orm equations for single
server queueing systems

3.2.1 Variation of responsetime

An importantconsiderationfor designpurposesis to define
whenthe serviceis ”too slow”. In fact, onehasto speci-
fy the threshold� for the acceptableresponsetime. Con-
sideringthe exampleof web servers,practicalexperiences
havesuggestedthattensecondsis well abovethenormalre-
sponsetimefor all thesitesstudiedin [5]. Thelatterdivides
timing problemsaffectingsitesavailability into ”medium”
(tenseconds)and”severe” (thirty seconds)problems.

Figure1showstheconditionalresponsetimedistribution
( ��� ��
 �
� � ��� ), givenin Table1, asafunctionof thenumber
of requests,consideringdifferentvaluesfor H � . In fact,the
evaluationof this distribution allowsusto determinethe �
statesfor which ( ��� ��
 �
��� �2���°� ).

As it can be seen,the responsetime probability is di-
rectly affectedby the product H � . It is noteworthy that H �
correspondsto theaveragenumberof requestsprocessedby
theserverduringaperiodof time � . Anotherobservationis
that � increaseswith H � . For example,settingthequality
of serviceparameter� to 0.9, �±�³² for H � �´,lf 5 8 and�µ�[¶V· for H � �_²28 . In fact,thegreateris � , thehigheris
theprobability that the responsetime is lower than � . Fig-
ure1 alsoshows thatlowervaluesfor thequality of service
parameter� (e.g., � �  w5 ¸

) clearly lead to greatervalues
for � . In otherwords2, thegreateris � , themorerequests
arriving at theserverarelikely to besatisfiedwithin theac-
ceptableresponsetime.

Suchanalysesareusefulfor designdecisions,sincethe

2It canbe noticedthat for a given ¹ , the longer is the responsetime
requirement,thegreateris º .
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Figure 1. ��� ��
 �
�»� ��� for single server sys-
tems

expectedlevel of degradationof responsetime probability
asafunctionof thenumberof requestsqueuedin thesystem
canbeevaluated.

Once � is evaluated,onecancomputethe serviceun-
availability using equation(6). Table 2 shows how "#!
variesas H � increasesfor differentloads� andfor � �  w5 7 .
We clearlyobservethat "�! decaysfasteras � decreases.

H � � ���  w5 7 ���  65 ¸ ���  w5 ² ���  65 ¶
12.5 7 4.3e-01 1.6e-01 5.7e-02 1.6e-02
25 18 1.3e-01 1.4e-02 1.1e-03 6.0e-05
50 40 1.3e-02 1.0e-04 4.4e-07 8.0e-10
75 63 1.2e-03 6.2e-07 1.2e-10 6.3e-15

Table 2. "#! as H � increases ( � �  w5 7 )
3.2.2 Effectsof � and � on "#!"#! providesa usefulindicatorto analyzetheimpactof re-
sponsetimeonserviceunavailability. By definition,param-
eter � representsthe setof statesfor which the response
timeis acceptablefor agivenqualityof servicerequirement.
Figure2 shows "#! asa function of � for differentloads� . The systemis assumedto be composedby oneserver
with infinite buffer (M/M/1). Notethatby definition, ���N,
implies "#!$�-, and ¼u½(¾%3¿ ` "#!$�

 
.

Fromthefigure,we canseethat "#! is very sensitive to
theload � . "#! decaysslowly for heavy loads� . In contrast,
for ”light” loads �À�  w5 ¶ , the unavailability due to long
responsetime is negligible. On the otherhand,thegreater
is K, the lower is "#! . Suchbehaviour is betterillustrated
onFigure3 thatplots "#! asafunctionof theload( � �  w5 ¶ )
for differentvaluesof � . In particular, for systemsin which
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� ��� 8  , thereis a small probability that the serviceis
perceivedasunavailabledueto long responsetime. Thus,
accordingto thefigure,it is likely thatserviceunavailability
dueto long responsetime will bevery low.

3.2.3 Finite buffer effectson "�!
All theevaluationspresentedalongtheprevioussectioncan
alsobeappliedto a systemwith a finite buffer (i.e.,consid-
eringanM/M/1/b queue).

Figure4 shows a comparisonbetweena systemwith a
finite buffer (M/M/1/b) anda systemwith aninfinite buffer
(M/M/1). The resultsfor M/M/1/b (dottedlines) are ob-
tainedusingequation(7). As expected,thegreateris � , the
lower is the differencebetweenthe models. For ���  65 7
M/M/1/40 is very closeto M/M/1. Thedifferenceis signif-
icantfor M/M/1/20. However, for lower loads( ���  65 ¶ and w5 ² ), thecurvesfor M/M/1/20 andM/M/1/40 arethesame
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For a given request,the greateris its position in the
buffer, the lower is the probability that it is served within
the maximumresponsetime requirement.In finite queue-
ing systems,therequestsarrivingwhenthebuffer capacity�
is full arerejected,andtherefore,they arenotconsideredas
leadingto serviceunavailability dueto long responsetime.
This explains the fact that "#! for M/M/1/b is lower than"#! for M/M/1.

3.2.4 Approximation for "#!
Theevaluationof "#! requiresthecalculationof parameter� which representsthesetof statesafterwhich all arriving
requestsprobablyperceive theserviceasunavailable. K is
not known a priori. It is computedin an intermediatestep.
Wehaveinvestigatedamoredirectapproachfor computing"#! basedon anapproximationof � , in orderto obtainan
analyticalequationof "#! asafunctionof only well known
parameters,suchasservicerate( H ) andrequiredmaximum
responsetime ( � ), without needingto compute� in anin-
termediatestepbasedon theconditionalresponsetime dis-
tribution.

By analyzingthe propertiesof the finite seriesÁ 
�Â ���Ã&O '*) 
 H � �
OPRQ , we foundthefollowing approximation3 for �

�ÅÄÅÆ�H � .»Ç�È H ��É (8)

whereÇ is aconstantthatcanbesetto supportagivenqual-
ity of service(e.g., Ç��N, 5 ·V8 for � �  65 7 ).

Accordingly, "#! canbeobtainedasfollows

3In fact, º is obtainedthrougha sub-linearapproximationto the in-
flexion pointof f(n) aroundÊ � .
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Thus, "#! canbe evaluateddirectly asa function of H
and � only, for a given � . Figure 5 shows a comparison
betweentheunavailability computedby equation(6) (where� is an integer valueobtainedfrom equation(4)) andthe
approximationgiven by equation(9) ( ÇT�Ò, 5 ·V8 ). "#! is
plotted as a function of H � , wheredotted lines represent
the approximation. As it can be seen,the approximation
is very accurate. It differs from the exact value only forH � �I8 . In otherwords,for any H �Ó� 8 (which is thecase
of mostserversystemscapableof handlingmuchmorethan
5 requestsper second),thereis no differencebetweenthe
exactandtheapproximatedvalueof "�! .

Equation(9) andtheresultsof figure5 show that "#! ap-
proaches

 
as H � approachesinfinity, (i.e., ¼(½u¾W�X ¿ ` "#!_�

 
).

It meansthatfor agiven ���  with aserverhaving infinite
servicerate H[��Ô , thereis no serviceunavailability due
to long responsetime. At thesametime,for agivenservice
rate H �  , thereis no serviceunavailability for a userwith
aninfinite patience� �$Ô .

4 Multi-ser ver queueingsystems

Let usconsidera multi-server queueingsystemconsist-
ing of a queueingbuffer of finite or infinite size,with mul-
tiple identicalservers. Suchan elementaryqueueingsys-
temis alsoreferredto asa multi-server system.In section
4.1 we presentclosed-formequationsfor the conditionre-
sponsetimedistributionandtheserviceunavailability. Sen-
sitivity analysisresultsarepresentedin section4.2.



Õ :=< >@? A�B*CED=F G
4.1.1 Conditional responsetime distrib ution

Let ussupposethat themulti-serversystemis composedofÖ identicalservers,whereeachserver is capableof handlingH requests/sec.Let �#×j
 �
� betherandomvariabledenoting
the responsetime in steady-stateof an arriving requestat
a systemwith Ö serversand � requests.If a requestarrives
whentherearealready� requestsin thesystem,two differ-
ent casescanbe distinguishedto modelthe corresponding
conditionalresponsetime distribution:� If ��� Ö , the new arrival is processedimmediatelyby

oneof the freeservers. Thus, � × 
 �
� is anexponential
randomvariablewith parameterH .� If �ÙØ Ö , the new arrival mustwait for �;. Ö J4, ser-
vicecompletionsbeforereceiving service(If ��� Ö , the
new requestmustwait for oneservicecompletion. If�]� Ö J$, , two servicecompletionsarerequired,etc.).
In thiscase,�1×l
 �
� is thesumof anErlangrandomvari-
able Ú correspondingto the requestwaiting time and
anexponentialrandomvariableÛ denotingtheservice
time. Therefore,by convolution��� � × 
 �
�;��ÚiJ�ÛÀ� ��� � ^ X)-Ü 
�� .ÙÝ6�¦Þ 
 Ý6� � Ý , where

Ü 
�ß \
�¥. Ö J[,M�]�4,/. � U
×&O '*) 
 H Önß �

OPRQ SVU�W ×=à and

Þ 
 Ý6�]��H S URW2á .
After asetof transformations(see[4] for all details), we

obtainequation(10)

��� �#×k
 �
��� ��� �ãâäääå äääæ

,/. S URW�X , if ��� Ö,/. 
 ×× U � � � U × ��� S URW�X§¦,/._ç Ë � U × ���nè Ë × U � ÑéW�XÍÑç Ë � U × ��� Ñ ®.�ç Ë � U × ���nè × W�XÍÑç Ë � U × ��� Ñ , if ��Ø Ö
(10)

4.1.2 Serviceunavailability

Letustakethesamesystemconsistingof Ö identicalservers,
whereeachserver is capableof handling H requests/sec.
We needto computethe probability that the systemwithÖ servershas � requestsat steady-statedenoted� � 
�Ö � . As-
sumingthat the sequenceof interarrival timesis described
by independentandidenticalexponentialrandomvariables
of rate � (a traditionalM/M/c in which � � 
�Ö � is well-known
[2] with �e� �× W ), we obtainfor serviceunavailability the
following closed-formequation(see[4] for all details)

"#!$� âääå ääæ
,/.ê� ) ç Ë %����Íè × ¨nÑ�ë
ì�íç Ë %���� Ñ , if �´� Ö,/.ê�R) ç Ë × è × ¨ÍÑ�ë�ì�íç Ë × ÑJ Ë × ¨ÍÑ�ì×�î Ë � U�¨ ©�ï ì ªg« Ñ� U�¨ , if �´Ø Ö (11)

To summarize,for �ð�  \k,�\Ífq\ 5u5(5 requests,��� � × 
 ���3� ���
canbecomputedusingequation(10). Basedon this distri-
bution, K is obtainedasthemaximumvalueof � satisfying��� �#×l
 �
��� �2�]�I� . Then,we canproceedto calculate"#!
for multi-serversin an infinite andfinite queueingsystems
usingequation(11).Õ :�� �ðBZF �­D�¡­D�¢�D�¡j£-¤¥F�¤�C�£;�VD¦�

In this section,we study the effect of the numberof
serverson "#! usingthe modelingapproachdevelopedin
the previous section. The analysisis divided in two parts.
First, in 4.2.1 the responsetime distribution is studiedin
orderto quantify how the responsetime is affectedby the
numberof servers.A simpleexampleof systemispresented
illustrating somepossibleconfigurations.Then,we evalu-
ate "#! itself taking into accountthe responsetime varia-
tion, the load effectsin 4.2.2andthe numberof serversin
4.2.3.

4.2.1 Variation of responsetime distrib ution

Figure6 shows the responsetime distribution ( ��� � × 
 �
����2� ) as a function of the numberof requestscomputedby
equation(10). This function is evaluatedvaryingthenum-
berof servers Ö andtheproduct H � . As it canbeseen,as Ö
or H � increasesthe responsetime probability is improved.
This is illustratedby theincreaseof � . Clearly, thegreater
is � , the lower is "#! . The effect of � on "#! for multi-
serversis similar to the caseof single-server (discussedin
section3.2.2).

Theseresultscan be usedfor supportingdesigndeci-
sions.For instance,let usdefineby H Ö theaggregatedser-
vice rateprovidedby Ö servers.Weconsiderasetof system
configurationsdesignedto supportthesameaggregatedser-
vice rateof H Ö ��,M8  requests/sec.Table3 identifiesfour
possiblesystemconfigurationsusingonly multi-servers,i)
to iv), andoneconfiguration,v), with a singleserver.

Thevaluesof � are �ñ� � ,�,l¶w\k,Mf2¶6\k,j·  \j,j·w,V\k,k·V· � cor-
respondingto configurationsi), ii), iii), iv) andv) respec-
tively. This result shows that a configurationwith only 1
server providesthe greatest� . Clearly, the responsetime
is longerwhen the aggregatedservicerate is split among
theservers.This factexplainswhy � decreasesfor config-
urationsthatemploy variousserverswith low servicerates
(e.g., �ò��,V,j¶ for Ö ��,lf and Hó��,lf 5 8 , comparedto�µ�-,l·w, for Ö �[f and Hô�_²28 ).
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Figure 6. ��� � × 
 ���3� ��� variation for multi-ser ver queuing systems

Configuration Ö H
i) 12 12.5
ii) 6 25
iii) 3 50
iv) 2 75
v) 1 150

Table 3. Configurations for H Ö �4,l8  req/sec.

4.2.2 Load effectson "#!
Table4 shows the impactof Ö and H � on "�! for different
loads � (setting � to 1 to simplify the analysis)assuming
thesameaggregatedservicerateof H Ö �T,l8  requests/sec.
The serviceunavailability is given in days:hours:minutes
peryearfor variousloads �ê� �  w5 ¸ \  65 7 \  65 7 8 � . "�! is com-
putedusingequation(11)basedon thevalueof � obtained
from equation(10). Note that for �	�  w5 ¸ , thereis a very
smallunavailability dueto long responsetime.

Accordingto Table4, it canbeseenthat the lowest "#!
is obtainedfor a singlepowerful server (configurationv).
Nevertheless,for all configurations,"#! is lessthan5 min
and30secperyearfor �õ�  w5 7 , whichis relatively low. "#!
is significantlymuchhigherfor ���  w5 7 8 .

UA in days:hours:minutesperyear
Configuration ���  w5 ¸ ���  w5 7 ���  65 7 8

i) 0 00:00:05 00:32:28
ii) 0 00:00:01 00:15:17
iii) 0 0 00:11:07
iv) 0 0 00:10:16
v) 0 0 00:09:04

Table 4. Impact of � on "�! ( H Ö �N,l8  ).

4.2.3 Impact of the number of servers Ö on "#!
Table5 shows the impactof Ö for threevaluesof service
ratesH�� � fV8q\{8  \n²28 � , whentheloadis setto �õ�  w5 7 . It is
importantto notethat increasingÖ is efficient for reducing"#! especiallywhen the load is not heavy �_�  65 7

. For
instance,if H$�öf�8 and �÷�  65 7 , then "#! is 49 daysper
yearfor Ö �µ, comparedto ( "#!�ÄÅ,j¶ minutesper year)
for Ö �ö· . It becomesmoreefficient as H increases(e.g.,
for H	�ó8  , "#!óÄNø daysperyearfor Ö �ù, comparedto"#!$ÄN, minuteperyearfor Ö �$f ).



Ö Hô�If�8 H|�I8  H|�$²�8
1 49:07:22 04:20:29 00:10:16
2 06:07:24 00:01:09 0
3 00:15:51 0 0
4 00:01:38 0 0
5 00:00:07 0 0

Table 5. "#! in days:hour s:min utes per year
for ���  w5 7 .

5 Conclusion

In this paperwe haveprovidedananalyticmodelingap-
proachfor computingserviceunavailability dueto long re-
sponsetimesusingqueueingsystemstheory. Closed-form
equationsof the responsetime distribution andthe service
unavailability weredevelopedin order to illustrate funda-
mentalavailability issuesfor single and multi-server sys-
tems.

The modelspresentedin this paperareaimedto allow
thesystemdevelopersto draw someinterestingandpracti-
cal conclusionsconcerningthe impactof variousparame-
terson the userperceivedunavailability. For example,the
resultshave shown that for ”light” loads(i.e., �Ó�  w5 ² ), the
unavailability dueto longresponsetimeis negligible. From
the designerperspective, the evaluationssuggestthat sys-
temswith low serviceratesubjectto a heavy load �|Ø  w5 7
tend to exhibit the highestunavailability due to long re-
sponsetime. Theeffect of heavy loadson "�! is lesssub-
stantialas the aggregateservicerate increases.Also, the
obtainedresultshave suggestedthat the differenceon "#!
amongtheconfigurationsbecomesnegligible astheaggre-
gateservicerateincreases.Finally, increasingthe number
of servers( Ö ) hasbeenefficient for reducing"#! especially
for low loads�ú�  w5 7 .

It hasbeenshown that it is possibleto provide a service
satisfyinga responsetime requirementusingonly servers
with low servicerate,althoughthis is not theoptimalcon-
figuration.In fact,we shouldemploy eithera powerful sin-
gleserveror variousserverspreventingasmuchaspossible
the overloadedperiods( �_Ø  w5 7

). For multi-serverssys-
tems,theresponsetime is longerastheaggregatedservice
rate is sharedamongthe servers. This fact explains why
configurationsthatemploy variousserverswith low service
ratesarenot theoptimalconfiguration.

All theanalyzespresentedhave focusedon theunavail-
ability due to long responsetime, assumingthat all the
serversareavailable.We emphasizethefactthatif we take
into accountthefailuresof oneor moreservers,theimpact
of long responsetime on serviceunavailability shouldbe
moresignificant. Although the optimal configurationcon-

sistsof a powerful singleserver, it representsa singlepoint
of failureundertheavailability viewpoint. Therefore,anal-
ternativeconfigurationemploying morethanasingleserver
shouldprovide a bettertradeoff supportingdegradableser-
viceunderthepresenceof failures.

Finally, it is recognizedthattheserviceunavailability in
the context of widely distributedserver systemsmight be
dueto problemswith the host(e.g.,the remotehostis too
busy handlingotherrequests),problemswith the underly-
ing network (e.g.,a properrouteto the sitedoesnot exist)
or problemsin theuserhost.In thispaper, ourattentionwas
devotedto the serviceunavailability due to long response
timeconcentratedat theserverside.In orderto analyzethe
impactof the responsetime on the end-to-endserviceun-
availability asperceivedby users,it is necessaryto include
othercomponentsaffectingthetimespentby auserrequest,
e.g.thenetwork delay(latency andtransmissiontime),etc.
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