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tThe growing relian
e on servi
es provided by soft-ware appli
ations pla
es a high premium on the reli-able and ef�
ient operation of these appli
ations. A num-ber of these appli
ations follow the event-driven soft-ware ar
hite
ture style sin
e this style fosters evolvabil-ity by separating the event handling from event demulti-plexing and dispat
hing fun
tionality. The event demul-tiplexing 
apability, whi
h appears repeatedly a
ross a
lass of event-driven appli
ations, 
an be 
odi�ed intoa reusable pattern, su
h as the Rea
tor pattern. In or-der to enable performability analysis of event-driven ap-pli
ations at design time, a model is needed that repre-sents the event demultiplexing and handling fun
tional-ity that lies at the heart of these appli
ations. The modelmust also 
onsider failures in order to provide realis-ti
 performan
e or performability estimates. In this pa-per, we present a performability model of the Rea
torpattern based on the well-established Sto
hasti
 RewardNet (SRN) modeling paradigm. We illustrate the use ofthe model for the performability analysis of the servi
esprovided by the appli
ations residing on mobile hand-held devi
es. Furthermore, we des
ribe how the per-formability analysis pro
ess 
ould be s
aled and auto-mated by a model-driven framework. The model-drivenframework will make the analysis approa
h easily a

es-sible to software ar
hite
ts and experts who may be nonexperts in the performability analysis te
hniques.1. Introdu
tionSo
iety is in
reasingly dependent on 
apabilities pro-vided by distributed software appli
ations that enable
riti
al servi
es (e.g., ele
tri
 power grid, air traf�
 
on-trol, mobile 
ommuni
ations). Due to the growing re-
∗ This resear
h was supported in part by a grant from the NationalS
ien
e Foundation, NSF-CNS #0406376

lian
e of our daily a
tivities on these servi
es, ef�
ientand reliable operation of the appli
ations that providethese servi
es is 
ru
ial. A number of these appli
ationsare event-driven software systems [8℄. The event-drivenstyle 
onstitutes a provider/listener model [3℄, where theappli
ation listens for servi
e requests or �events� andprovides the ne
essary servi
es in response to these re-quests or events. Event-driven systems providemany ad-vantages, the most prominent advantage being evolvabil-ity, whi
h is enabled by the separation of event demulti-plexing and dispat
hing from event handling. Althoughthe handling of events is spe
i�
 to the servi
es pro-vided by the appli
ation, the event demultiplexing anddispat
hing fun
tionality is more or less uniform a
rossall the appli
ations that follow the event-driven style,and 
an be 
odi�ed into a reusable building blo
k or apattern [2℄. The Rea
tor pattern [14℄ embodies the de-multiplexing and dispat
hing 
apabilities that 
ould bereused to fa
ilitate the development of event-driven ap-pli
ations.It is a well-known fa
t that it is important to ana-lyze the performan
e of an appli
ation starting from theearly phases of the life 
y
le [17℄. Moreover, pure per-forman
e analysis, whi
h does not 
onsider appli
ationfailures leads to optimisti
 performan
e estimates. Thus,it is important to 
onsider appli
ation failures duringperforman
e analysis in order to provide realisti
 �per-formability� estimates [15℄. Design-time performan
eanalysis is almost invariably based on a model that rep-resents appli
ation behavior. As a result, in order to en-able model-based performan
e analysis of event-drivenappli
ations, it is ne
essary to build a model of the un-derlying event demultiplexing framework that is ubiqui-tous in su
h appli
ations.In this paper we present a performabilitymodel of therea
tor pattern, whi
h provides the event demultiplexingand dispat
hing 
apabilities. The model is based on theSto
hasti
 Reward Net (SRN) [12℄ modeling paradigm.In addition to the event demultiplexing 
apabilities, themodel also 
onsiders appli
ation failures during event



handling. We 
onsider the appli
ations whi
h provideprodu
tivity enhan
ing servi
es on mobile handhelds asthe guiding examples of event-driven systems. Su
h ap-pli
ations 
an leverage the rea
tor pattern for their de-sign and implementation. We illustrate how the SRNmodel of the rea
tor pattern 
ould be used for the per-formability analysis of the servi
e provided by su
h ap-pli
ations.We also dis
uss how the performability analy-sis pro
ess 
an be s
aled using a model-driven frame-work. The framework also enables the automation of thepro
ess so that it 
an be easily used by software ar
hi-te
ts and designers who may be non experts in the per-formability analysis tools and te
hniques.This paper is organized as follows: Se
tion 2 de-s
ribes the appli
ations that may reside on mobile hand-held devi
es that illustrate the event-driven features;Se
tion 3 dis
usses the pro
ess building a performabil-ity model of the rea
tor pattern using the SRN model-ing paradigm; Se
tion 4 illustrates how the SRN model
ould be used for the performability analysis of the ser-vi
es provided by appli
ations on the mobile devi
es;Se
tion 5 des
ribes how the performability analy-sis pro
ess 
ould be s
aled and automated using amodel-driven framework and �nally Se
tion 6 pro-vides 
on
luding remarks outlining the lessons learnedfrom this study, as well as dire
tions for future re-sear
h.2. Overview of Event Demultiplexing Pat-ternsThis se
tion des
ribes the event demultiplexing pat-terns found in real-world systems that are used for ubiq-uitous 
omputing, su
h as wireless handhelds that sup-port number of appli
ations like email, 
alendar, webbrowsing and multimedia. Se
tion 2.1 provides at a typ-i
al event demultiplexing software ar
hite
ture in hand-helds. Se
tion 2.2 then presents an outline of the rea
torpattern [14℄ found in many real-world event driven sys-tems in
luding the handhelds.2.1. Event-Driven Software Ar
hite
ture inMobile HandheldsFigure 1 illustrates a typi
al software ar
hite
ture forevent demultiplexing and dispat
hing in mobile hand-helds. Handhelds, su
h as PDAs, have been at the fore-front of ubiquitous 
omputing and are getting in
reas-ingly 
omplex due to the need to support to multiple ap-pli
ations, su
h as email, web browsing, 
alendar man-agement, multimedia support, and games. Sin
e thesehandhelds are used in many 
riti
al domains su
h aspatient health
are monitoring and emergen
y responsesystems, reliable and ef�
ient operation of these hand-

helds is esssential. Further, sin
e the software residingin these handhelds is primarily responsible for provid-ing the ne
essary fun
tionality, it is ne
essary to analyzethe software appli
ations for their performan
e and reli-ability 
hara
teristi
s. In parti
ular, in this paper we de-s
ribe a methodology for the performability analysis ofsu
h event-driven software appli
ations, whi
h are 
om-monly used in ubiquitous 
omputing.

Figure 1. Event Demultiplexing in HandheldsThe appli
ation mix available in the handhelds isaptly suited for event-driven systems, whi
h requires de-multiplexing and dispat
hing events to the 
orre
t eventhandlers in the handheld. For example, a user of thehandheld 
ould have set appointments in his/her 
alen-dar, whi
h might raise an event while the user may bein the midst of web browsing. Similarly it is 
on
eiv-able that email noti�
ation arrives while the user is inthe midst of other appli
ations like web browsing or lis-tening to audio. In the 
ontext of handhelds that are tai-lored to provide servi
e to emergen
y response person-nel, one 
ould 
on
eive of a s
enarios where sensor datafrom a phenomenon of interest is re
eived by the hand-held with other noti�
ations, su
h as SMS noti�
ationsfrom the 
ommand and 
ontrol, re
eived by the hand-held.2.2. Des
ription of the Rea
tor PatternEvent demultiplexing, dispat
hing and event handlingis a hallmark of event-driven systems exempli�ed bythe appli
ation mix in handhelds. The development ofthese systems is in
reasingly relying on the use of well-do
umented patterns [2, 14℄, The use of patterns offersthe potential of improving the reliability as well as en-abling faster time-to-market by fostering reuse. Funda-mental to the design and development of event-drivensystems is the Rea
tor pattern [14℄. Therefore, performa-bility analysis of the event-driven aspe
ts of systems,



su
h as the handhelds, boils down to the performabil-ity analysis of the rea
tor pattern. This se
tion thereforeprovides ba
kground information on the rea
tor patternand its dynami
s.Figure 2 depi
ts a typi
al event demultiplexing anddispat
hing me
hanism do
umented in the rea
tor pat-tern [14℄. The appli
ation registers an event handler withthe event demultiplexer and delegates to it the respon-sibility of listening to in
oming events. On the o

ur-ren
e of an event, the demultiplexer dispat
hes the eventby making a 
allba
k to the 
orre
t appli
ation-suppliedevent handler. This is the idea behind the rea
tor pat-tern, whi
h provides syn
hronous event demultiplexingand dispat
hing 
apabilities.

Figure 2. Event Demultiplexing PatternFigure 3 illustrates the rea
tor pattern dynami
s. We
ategorize these dynami
s into two phases des
ribed be-low.1. Registration phase: In this phase all the event han-dlers register with the rea
tor asso
iating them-selves with a parti
ular event type they are inter-ested in. Event types usually supported by a rea
torare input, output, timeout and ex
eptions. The rea
-tor will maintain a set of handles 
orresponding toea
h handler registered with it.2. Snapshot phase: On
e the event handlers have
ompleted their registration, the main thread of 
on-trol is passed to the rea
tor, whi
h in turn listensfor events to o

ur. A snapshot is then an instan
ein time wherein a rea
tor determines all the eventhandles that are enabled at that instant. For all theevent handles that are enabled in a given snapshot,the rea
tor pro
eeds to servi
e ea
h event by invok-ing the asso
iated event handler. There 
ould be dif-ferent strategies to handle these events. For exam-ple, a rea
tor 
ould handle all the enabled events se-quentially in a single thread or 
ould hand it over toworker threads in a thread pool. After all the events

are pro
essed, the rea
tor pro
eeds to take the nextsnapshot of the system.

Figure 3. Rea
tor Pattern Dynami
sMany different variations of the rea
tor patternare possible. These variations stem from the differ-ent event demultiplexing and event handling strategiesused in a rea
tor. For example, in network-
entri
 ap-pli
ations, networking events 
an be demultiplexed us-ing operating system 
alls, su
h as sele
t or poll.For graphi
al user interfa
es (GUIs), these events 
ouldbe due primarily to mouse 
li
ks and 
an be han-dled by GUI frameworks like Qt or Tk. On theother hand, the event handling me
hanisms 
ould in-volve a single thread of 
ontrol that demultiplexes andhandles an event, or ea
h event 
ould be handled 
on-
urrently using worker threads in a thread pool or bythread on demand.In this paper, we have developed a performabilitymodel of the rea
tor pattern, whi
h uses the sele
tsystem 
all for event demultiplexing and uses a singlethread of 
ontrol to demultiplex and handle events iden-ti�ed in a given snapshot. In the rest of the paper we de-s
ribe this model and demonstrate the use of the modelfor performability analysis.3. Performability Model of the Rea
-tor PatternIn this se
tion we des
ribe the pro
ess of 
onstru
t-ing a SRN model for the rea
tor pattern. Towards thisend, we �rst des
ribe the 
hara
teristi
s of the rea
torpattern and the relevant performan
e measures. A SRNmodel of the rea
tor pattern is then presented along witha dis
ussion of how the performan
e measures 
an beobtained by assigning reward rates at the net level. We
on
lude the se
tion with a dis
ussion of possible exten-sions to the SRN model.



3.1. Chara
teristi
s of the Rea
tor PatternIn our performability model of the rea
tor, we 
on-sider a single-threaded, sele
t-based implementation ofthe rea
tor pattern with the following 
hara
teristi
s, asshown in Figure 4:
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Figure 4. Chara
teristi
s of the Rea
tor
• The rea
tor re
eives two types of input events withone event handler for ea
h type of event registeredwith the rea
tor.
• Ea
h event type has a separate queue, whi
h holdsthe in
oming events of that type. The buffer 
apa
-ity for the queue of type #1 events is denoted N1and of type #2 events is denoted N2.
• Event arrivals for both types of events follow a Pois-son distribution with rates λ1 and λ2, while the ser-vi
e times of the events are exponentially distrib-uted with rates µ1 and µ2.
• In a given snapshot, if the event handles 
orre-sponding to both the event types are enabled, thenthey are servi
ed in no parti
ular order. In otherwords, the order in whi
h the events are handledis non-deterministi
.
• The failures in the rea
tor are assumed to o

uronly in the event handlers (e.g., due to memory 
or-ruption), in whi
h 
ase the event is simply purgedfrom the system. The failure rates when handlingevents of type #1 and type #2 are γ1 and γ2, respe
-tively. Other kinds of failures not 
onsidered herewill 
ause the entire appli
ation to fail due to thesingle thread model.

The following performan
e metri
s are of interest forea
h one of the event types in the rea
tor pattern de-s
ribed in Se
tion 3.1:
• Expe
ted throughput � whi
h provides an es-timate of the number of events that 
an bepro
essed by the single threaded event demulti-plexing framework. These estimates are importantfor many appli
ations, su
h as tele
ommuni
a-tions 
all pro
essing.
• Expe
ted queue length � whi
h provides an es-timate of the queuing for ea
h of the event han-dler queues. These estimates are important to de-velop appropriate s
heduling poli
ies for appli
a-tions with real-time requirements.
• Expe
ted total number of events � whi
h providesan estimate of the total number of events in a sys-tem. These estimates are also tied to s
heduling de-
isions. In addition, these estimates will determinethe right levels of resour
e provisioning required tosustain the system demands.
• Probability of event loss � whi
h indi
ates howmany events will have to be dis
arded due to la
k ofbuffer spa
e. These estimates are important parti
-ularly for safety-
riti
al systems, whi
h 
annot af-ford to lose events. These also provide an estimateon the desired levels of resour
e provisioning.3.2. SRNModel of the Rea
tor PatternSRNs represent a powerful modeling te
hnique thatis 
on
ise in its spe
i�
ation and whose form is 
loserto a designer's intuition about what a model should looklike. Sin
e a SRN spe
i�
ation is 
loser to a designer'sintuition of system behavior, it is also easier to transferthe results obtained from solving the models and inter-pret them in terms of the entities that exist in the systembeing modeled. An overview of SRNs 
an be found in[12℄. Sto
hasti
 reward nets have been extensively usedfor performan
e, reliability and performability analysisof a variety of systems [13, 4, 5, 16, 6, 10℄. The work
losest to our work is reported by Ramani et al. [13℄,where SRNs are used for the performan
e analysis ofthe CORBA event servi
e. The CORBA event servi
e isyet another pattern that provides publish/subs
ribe ser-vi
es.Des
ription of the net: Figure 5 shows the SRNmodel for the Rea
tor pattern des
ribed in Se
tion 2.2.The net 
omprises of two parts. Part (a) models the ar-rival, queuing, servi
e and failures of the two types ofevents. as explained below. Transitions A1 and A2 rep-resent the arrivals of the events of types one and two, re-spe
tively. Pla
es B1 and B2 represent the queue for the



two types of events. Transitions Sn1 and Sn2 are im-mediate transitions whi
h are enabled when a snapshotis taken. Pla
es S1 and S2 represent the enabled han-dles of the two types of events, whereas transitions Sr1and transition Sr2 represent the exe
ution of the enabledevent handlers of the two types of events. An inhibitorar
 from pla
e B1 to transition A1 with multipli
ity N1prevents the �ring of transitionA1when there areN1 to-kens in the pla
e B1. The presen
e of N1 tokens in thepla
e B1 indi
ates that the buffer spa
e to hold the in-
oming input events of the �rst type is full, and no ad-ditional in
oming events 
an be a

epted. The inhibitorar
 from pla
e B2 to transition A2 a
hieves the samepurpose for type two events.Part (b) models the pro
ess of taking su

essive snap-shots and non-deterministi
 servi
e of event handles inea
h snapshot as explained below. Transition Sn1 is en-abled when there are one or more tokens in pla
e B1,a token in pla
e StSnpSht, and no token in pla
e S1.Similarly, transition Sn2 is enabled when there are oneor more tokens in pla
e B2, a token in pla
e StSnpShtand no token in pla
e S2. Transition T StSnp1 and
T StSnp2 are enabled when there is a token in eitherpla
e S1 or pla
e S2 or both. Transitions T EnSnp1and T EnSnp2 are enabled when there are no tokens inboth pla
es S1 and S2. Transition T ProcSnp2 is en-abled when there is no token in pla
e S1, and a token inpla
e S2. Similarly, transition T ProcSnp2 is enabledwhen there is no token in pla
e S2 and a token in pla
e
S1. Transitions Sr1 and TFail1 are enabled when thereis a token in pla
e SnpInProg1, and transitions Sr2and TFail2 are enabled when there is a token in pla
e
SnpInProg2. Table ?? summarizes the enabling fun
-tions for the transitions in the net shown in Figure 5.Dynami
 evolution of the net: We explain the pro
essof taking a snapshot and servi
ing the enabled event han-dles in the snapshot with the help of an example. We
onsider a s
enario where there is one token ea
h inpla
es B1 and B2. Due to the presen
e of tokens inpla
es B1 and B2, and a token in pla
e StSnpSht,transitions Sn1 and Sn2 are enabled. Both these transi-tions are assigned the same priority, and hen
e either oneof them 
an �re. Without loss of generality, we assumethat transition Sn1 �res �rst, whi
h deposits a token inpla
e S1. The presen
e of a token in pla
e S1 and pla
e
StSnpSht enables transition T StSnp1. Also, transi-tion Sn2 is already enabled. If transition T StSnp1were to �re before transition Sn2, the �ring of transi-tion Sn2 would be pre
luded. In order to prevent thisfrom happening, transition Sn2 is assigned a higher pri-ority than transition T StSnp1, so that transition Sn2�res before T StSnp1 when both are enabled. Firing oftransition Sn2 deposits a token in pla
e S2 whi
h en-ables transition T StSnp2. Transitions T StSnp1 and
T StSnp2 are both enabled, 
orresponding to the event

handles of both types of events. If transition T StSnp1�res before T StSnp2, then event handle for the �rsttype of event will be exe
uted prior to event handle forthe se
ond type of event. On the other hand, T StSnp2�res before T StSnp1, then event handle for the se
-ond type of event will be exe
uted prior to event handlefor the �rst type of event. Both the transitions T StSnp1and T StSnp2 have an equal 
han
e of �ring, and thisrepresents the non-determinism in the exe
ution of theenabled event handles. Without loss of generality, weassume transitions T StSnp1 �res depositing a tokenin pla
e SnpInProg1, whi
h enables transitions Sr1and TFail1. Additionally, �ring of transition T StSnp1pre
ludes the �ring of transition T StSnp2 and vi
eversa. On
e transition Sr1 �res, a token is removedfrom pla
e S1. If transition TFail1 �res prior to the�ring of transition Sr1, it indi
ates that a failure o
-
urred before the event handle 
ould 
omplete exe
u-tion, and this also removes a token from pla
e S1. Thus,either transition Sr1 and TFail1 �re and remove a to-ken from pla
e S1, after whi
h transition T ProcSnp2�res and deposits a token in pla
e SnpInProg2. A to-ken in pla
e SnpInProg2 enables transition Sr2 and
TFail2. TFail2 plays the same role in the servi
e ofthe event type #2, as played by TFail1 in the servi
eof the event type #1. Firing of Sr2 or TFail2 removesthe token from pla
e S2. On
e Sr2 �res, there are no to-kens in pla
es SnpInProg1 and SnpInProg2, whi
henables transition T EnSnp2. The �ring of T EnSnp2marks the 
ompletion of the present snapshot, and thebeginning of the next one.Assignment of reward rates: The performan
e mea-sures des
ribed in Se
tion ?? 
an be 
omputed by as-signing reward rates at the net level as summarized in Ta-ble 2. The throughputs T1 and T2 are respe
tively givenby the rate at whi
h transitions Sr1 and Sr2 �re. Thequeue lengths Q1 and Q2 are given by the average num-ber of tokens in pla
es B1 and B2, respe
tively. The to-tal number of events E1 is given by the sum of the num-ber of tokens in pla
es B1 and S1. Similarly, the totalnumber of events E2 is given by the sum of the num-ber of tokens in pla
es B2 and S2. The loss probability
L1 is given by the probability of N1 tokens in pla
e B1.Similarly, the loss probability L2 is given by the proba-bility of N2 tokens in pla
e B2.4. Performability Analysis of Mobile Ser-vi
esIn this se
tion we illustrate how the SRN model of therea
tor pattern is used for the performability analysis ofthe appli
ation mix 
onsisting of two servi
es, namely,
alendar servi
e and email servi
e. The user of the hand-held devi
e expe
ts that he be noti�ed of the in
oming
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(b)Figure 5. SRN model of the Rea
tor patternTransition Guard fun
tion
Sn1 ((#StSnpShot == 1)&&(#B1 >= 1)&&(#S1 == 0))?1 : 0
Sn2 ((#StSnpShot == 1)&&(#B2 >= 1)&&(#S2 == 0))?1 : 0

T StSnp1 ((#S1 == 1)||(#S2 == 1))?1 : 0
T StSnp2 ((#S1 == 1)||(#S2 == 1))?1 : 0

T ESnpSht1 ((#S1 == 0&&(#S2 == 0))?1 : 0
T ESnpSht2 ((#S1 == 0&&(#S2 == 0))?1 : 0
T ProcSnp1 ((#S1 == 1&&(#S2 == 0))?1 : 0
T ProcSnp2 ((#S1 == 0&&(#S2 == 1))?1 : 0

Sr1 (#SnpInProg1 == 1)?1 : 0
Sr2 (#SnpInProg2 == 1)?1 : 0

TFail1 (#SnpInProg1 == 1)?1 : 0
TFail2 (#SnpInProg2 == 1)?1 : 0Table 1. Guard fun
tionsPerforman
e metri
 Reward rate

T1 return rate(Sr1)
T2 return rate(Sr2)
Q1 return (#B1)
Q2 return (#B2)
L1 return (#B1 == N1?1 : 0)
L2 return (#B2 == N2?1 : 0)
E1 return(#B1 + #S1)
E2 return(#B2 + #S2)Table 2. Reward assignments to obtainperforman
e measuresemails and the 
alendar events in a reasonable amount oftime. Further, the probability of denying the servi
e re-quests should be minimal. From the point of view of theservi
e provider, the rate at whi
h the servi
e requests

are pro
essed or the throughput is of interest, sin
e thiswill determine the revenue generated for the provider.In order to implement the mix of these two servi
es,the rea
tor pattern with the 
hara
teristi
s des
ribed inSe
tion 3.1 
an be used to demultiplex the events. TheSRN model of the rea
tor pattern 
an thus be used forthe performability analysis of the servi
es. In order touse the SRN model, we designate the email noti�
ationrequests as events of type #1, and 
alendar update eventsas events of type #2.In the early stages of appli
ation development life-
y
le, it is ne
essary to analyze the impa
t of design
hoi
es and 
on�gurations on the performan
e mea-sures. Also, in these stages, it is rarely the 
ase that thevalues of the input parameters 
an be estimated with 
er-tainty, whi
h makes it imperative to analyze the sensi-tivity of the performan
e measures to the variations inthe input parameters. Sensitivity analysis will enable the



provider to determine the regions of operation duringwhi
h servi
e performan
e is a

eptable. In the subse-quent subse
tions we demonstrate how the SRN model
an be used to explore alternative design 
on�gurations,as well as to fa
ilitate sensitivity analysis.4.1. Impa
t of Buffer Spa
eThe buffer spa
e available to hold the in
om-ing events of ea
h type is a 
on�guration parame-ter of the rea
tor pattern and the servi
es implementedby the pattern. This 
hoi
e will have a dire
t im-pa
t on all the performability metri
s. Most impor-tantly, from the user's perspe
tive, the buffer spa
ewill in�uen
e the probability of denying the servi
e re-quests.We analyze the impa
t of the buffer 
apa
ities on theperformability measures. The values of the remainingparameters (ex
ept for the buffer 
apa
ities) are reportedin Table 3. We 
onsider two values of buffer 
apa
ities
N1 and N2. In the �rst 
ase, the buffer 
apa
ity is set to
1 for both types of events, whereas in the se
ond 
asethe buffer 
apa
ity of both types of events is set to 5.The performability metri
s for both these 
ases are sum-marized in Table 4. Be
ause the values of the parame-ters of the servi
e requests from organization #1 (λ1, µ1and N1) are the same as the values of the parameters forthe servi
e requests from organization #2 (λ2, µ2, and
N2), the throughputs, queue lengths, and the loss prob-abilities are the same for both types of servi
e requestsfor ea
h one of the buffer 
apa
ities as indi
ated in Ta-ble 4. It 
an be observed that the loss probabilities aresigni�
antly higher when the buffer 
apa
ity is 1 
om-pared to the 
ase when the buffer spa
e is 5. Also, dueto the higher loss probability, the throughput is slightlylower when the buffer 
apa
ity is 1 than when the buffer
apa
ity is 5.For both buffer 
apa
ities, the total number of servi
erequests from organization #2, denoted E2, is slightlyhigher than the total number of requests from organi-zation #1, denoted E1. Be
ause the requests from or-ganization #1 are provided prioritized servi
e over therequests from organization #2, on an average it takeslonger to servi
e a request from organization #2 than ittakes to servi
e a request from organization #1. This re-sults in a higher total number of requests from organiza-tion #2 than the total number of requests from organiza-tion #1. This may result in a higher response time for ser-vi
e requests from organization #2 as 
ompared with theservi
e requests from organization #1. The reward ratesto obtain the response times 
an be obtained using thetagged 
ustomer approa
h [9℄ and is a topi
 of our fu-ture resear
h.

Parameter Event #1 Event #2Arrival rate λ1 = 0.400/se
. λ2 = 0.400/se
.Servi
e rate µ1 = 2.000/se
. µ2 = 2.000/se
.Failure rate γ1 = 0.02/se
. γ2 = 0.02/se
.Table 3. Parameter valuesMeasure Buffer spa
e
N1 = N2 = 1 N1 = N2 = 5

T1 0.37/se
. 0.39/se
.
T2 0.37/se
. 0.39/se
.
Q1 0.064 0.12
Q2 0.064 0.12
E1 0.26 0.33
E2 0.26 0.33
L1 0.064 0.00024
L2 0.064 0.00024Table 4. Impa
t of buffer 
apa
ity on per-formability measures4.2. Impa
t of Servi
e RatesAnother design parameter that will impa
t the servi
eperforman
e is the servi
e time of the event handlers.Obviously, a faster rate of servi
e will improve per-forman
e, but from the hardware perspe
tive, in
reas-ing the servi
e rate may require higher levels of re-sour
es thereby in
reasing the 
ost of the devi
e. There-fore, it is ne
essary to determine what servi
e rate wouldbe �good enough� to provide a

eptable servi
e perfor-man
e. This 
an be a

omplished by analyzing the sen-sitivity of the performability metri
s with respe
t to theservi
e rates, namely, µ1 and µ2.The results reported in Se
tion 4.1 indi
ate that theloss probability is signi�
antly lower when the bufferspa
e is 5 as 
ompared to the loss probability when thebuffer spa
e is 1. As a result, for the purpose of sensitiv-ity analysis with respe
t to µ1 and µ2, we set the buffer
apa
ity for both servi
e requests to be 5. We vary theservi
e rates µ1 andµ2 in the range of 0.4/se
. to 2.0/se
.roughly in steps of 0.025, one at a time, to obtain the ex-pe
ted performan
emeasures by solving the SRN modelshown in Figure ??. The remaining parameters are heldat the values reported in Table 3.The plots in Figure 6 show the variation of the per-formability measures with respe
t to µ1. The left plot inthe top 
olumn shows the variation of throughputs of ser-vi
e requests from organizations #1 and #2 with respe
tto µ1. The �gure indi
ates that as µ1 de
reases,It 
an be noted that as µ1 de
reases, the performa-bility measures degrade (loss probability, queue length
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Figure 6. Sensitivity of performability measures to servi
e rate µ1and total number of events in
reases, and throughput de-
reases). Also, as µ1 de
reases below 0.8/se
., the per-formability measures deteriorate rapidly. With de
reas-ing µ1, the time taken to servi
e a request from organi-zation #1 in
reases due to the additional time taken to
omplete ea
h snapshot. As a result, indire
tly, this alsoin
reases the time taken to servi
e a request from organi-zation #2 in ea
h snapshot. Thus, the performan
e of re-quests from both organizations are adversely impa
ted,even though only the servi
e time for the requests fromonly one of the organizations in
reases. The variation ofthe performabilitymeasures with respe
t to µ2 shows thesame trend, with the role of event types reversed. Theseresults are not shown here due to spa
e limitations.4.3. Impa
t of Request Arrival RatesThe arrival rates of servi
e requests, namely, λ1 and
λ2, 
onstitute the input parameters. In this se
tion we an-alyze the the sensitivity of the performability measuresto these input parameters.Based on the results and analysis des
ribed in Se
-tion 4.1 and Se
tion 4.2, we set N1 and N2 to 5, andwe set µ1 and µ2 to 2.00/se
 for sensitivity analysis withrespe
t to λ1 and λ2. The parameters γ1 and γ2 wereheld at the values reported in Table 3. The parameters
λ1 and λ2 were varied one at a time in the range of
0.4/se
 to 2.0/se
. roughly in steps of 0.025 to obtain theexpe
ted performability measures by solving the SRNmodel shown in Figure ??.

Figure 7 shows the performabilitymeasures as a fun
-tion of λ1. Referring to the left �gure in the top row,it 
an be observed that initially, the throughput of ser-vi
e requests from organization #1 is nearly the sameas the arrival rate of the requests, indi
ating that the re-quests are servi
ed at the same rate at whi
h they ar-rive. However, as λ1 in
reases, the throughput starts lag-ging the arrival rate, whi
h indi
ates that the servi
e rateis not suf�
iently high to pro
ess the requests at the rateat whi
h they arrive. This may 
ause the queue for re-quests from organization #1 to operate at full 
apa
ityfor an extended period of time, whi
h results in a reje
-tion of the in
oming requests from organization #1.It 
an be observed that a de
rease in the rate at whi
hthe throughput in
reases is marked by an in
rease in theloss probability of the requests (as shown in the third plotin the left 
olumn) and an in
rease in the queue length(as shown in the fourth plot in the left 
olumn) in Fig-ure 7. The left plot in the se
ond row represents the to-tal number of servi
e requests from ea
h organization asa fun
tion of λ1. The plot indi
ates that the total numberof requests from organization #2 in the system in
reasesas λ1 in
reases. When λ1 in
reases, the probability ofhaving to servi
e a request from organization #1 prior toservi
ing a request from organization #2 event in a givensnapshot in
reases. Be
ause requests from organization#1 have priority over requests from organization #2, re-quests from organization #2 tend to reside longer in thesystem as λ1 in
reases. Thus, although the throughputof requests from organization #2 is un
hanged with re-
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Figure 7. Sensitivity of performability measures to arrival rate λ1spe
t to λ1, the response time of the requests from orga-nization #2 may in
rease. The variation of the performa-bility measures with respe
t to λ2 shows the same trend,with the role of event types reversed. These results arenot shown here due to spa
e limitations.5. S
aling and Automating the Performa-bility Modeling Pro
essThe previous se
tions des
ribed how a SRN modelfor performability of the desired appli
ation 
an be de-veloped. The pro
ess des
ribed until now fo
usses onmanually developing these models and the asso
iated in-put s
ripts used by the model solvers, su
h as SPNP. Asthe appli
ation 
omplexity grows, however, it be
omestedious and error prone to develop these models manu-ally sin
e the a

idental 
omplexities involved in mod-eling the appli
ation performability 
hara
teristi
s andthe input s
ript sizes for the model solver grow substan-tially. For example, the model des
ribed in Se
tion 3 de-s
ribes a performability model of a rea
tor, whi
h han-dles only two types of events. In reality there 
ould beseveral different event types that an event demultiplex-ing and handling framework may have to handle. Also,it should be possible for a software ar
hite
t, who is anon expert in the tools and te
hniques of performabil-ity analysis to be able to use the model. To enable thesedual obje
tives, it is ne
essary to en
apsulate the per-formability modeling approa
h des
ribed in the earlierse
tions into user-friendly tools. In this se
tion, we de-

s
ribe the model-driven approa
h whi
h allows the userto s
ale the smaller base model and automate the pro
essof performability analysis.
5.1. Modeling Languages for Performabil-ity AnalysisIn this se
tion we des
ribe the ideas based on amodel-driven [11℄ generative programming [1℄ frame-work we are developing to address the aforementioned
hallenges. Our modeling framework 
omprises a mod-eling language we have developed using the GME [7℄metamodeling environment. The modeling language wehave developed provides the visual synta
ti
 and seman-ti
 elements that represent the artifa
ts of SRNs. Fig-ure 8 shows a metamodel the represents our modelinglanguage. This metamodel depi
ts a 
lass diagram us-ing UML-like 
onstru
ts show
asing the elements of themodeling langauge and how they are asso
iated withea
h other. Figure 9 illustrates part of the SRN model wehave used in this paper, whi
h has been modeled in ourframework. The GME environment in whi
h we have de-veloped our modeling language also allows plugging inmodel interpreters that use generative programming tosynthesize the input s
ripts for the SPNP model solver.



Figure 8. SRN Metamodel

Figure 9. SRN GME Model of the rea
torpattern5.2. S
aling the Models via Model Repli
ators5.3. Unresolved Challenges for Model-drivenFrameworksIn the above se
tions, we des
ribe how the basemodel whi
h 
aptures the essential 
on
epts 
ould beeasily s
aled using a model-driven framework. Thes
aled model essentially embodies the same 
har-a
teristi
s of the original base model. In pra
ti
e,however, it may be ne
essary to vary 
ertain 
hara
teris-

ti
s of the base model, in order to 
reate �variants� of thepattern. For example, some appli
ations that must pro-vided differentiated levels of servi
e must handleevents in a prioritized manner, and the implementa-tion of su
h appli
ations will require a rea
tor pat-tern whi
h provides prioritized handling. Anotherpossibility is to handle events 
on
urrently in mul-tiple threads. In the future, we propose to developthe model-driven framework further, so that 
reat-ing the variants of the base model will be fa
ilitated, inaddition to s
aling the models with minimal manual in-tervention.6. Con
lusion and Future Resear
hIn this paper we presented a performability model ofthe rea
tor pattern whi
h 
odi�es the event demultiplex-ing and dispat
hing 
apabilities that lie at the heart ofevent-driven software appli
ations. The model is basedon the well-established Sto
hasti
 Reward Net (SRN)modeling paradigm. It 
onsiders the failures of the ap-pli
ation in order to provide realisti
 performan
e es-timates. We demonstrate the use of the model for theperformability analysis of a VPN servi
e provided bya Virtual Router. Sin
e the rea
tor pattern is 
entral tothe event-driven software appli
ations, the model pro-posed in this paper would enable design-time performa-bility analysis of these appli
ations.Our future resear
h involves identifying widelyused patterns similar to the rea
tor pattern, and de-veloping performability models of these patterns.Developing strategies to 
ompose models of several pat-terns, and mirroring their use in software systems is alsoa topi
 of future resear
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