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Abstract

The growing reliance on services provided by soft-
ware applications places a high premium on the reli-
able and efficient operation of these applications. A num-
ber of these applications follow the event-driven soft-
ware architecture style since this style fosters evolvabil-
ity by separating the event handling from event demulti-
plexing and dispatching functionality. The event demul-
tiplexing capability, which appears repeatedly across a
class of event-driven applications, can be codified into
a reusable pattern, such as the Reactor pattern. In or-
der to enable performability analysis of event-driven ap-
plications at design time, a model is needed that repre-
sents the event demultiplexing and handling functional-
ity that lies at the heart of these applications. The model
must also consider failures in order to provide realis-
tic performance or performability estimates. In this pa-
per, we present a performability model of the Reactor
pattern based on the well-established Stochastic Reward
Net (SRN) modeling paradigm. We illustrate the use of
the model for the performability analysis of the services
provided by the applications residing on mobile hand-
held devices. Furthermore, we describe how the per-
formability analysis process could be scaled and auto-
mated by a model-driven framework. The model-driven
framework will make the analysis approach easily acces-
sible to software architects and experts who may be non
experts in the performability analysis techniques.

1. Introduction

Society is increasingly dependent on capabilities pro-
vided by distributed software applications that enable
critical services (e.g., electric power grid, air traffic con-
trol, mobile communications). Due to the growing re-
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liance of our daily activities on these services, efficient
and reliable operation of the applications that provide
these services is crucial. A number of these applications
are event-driven software systems [8]. The event-driven
style constitutes a provider/listener model [3], where the
application listens for service requests or “events” and
provides the necessary services in response to these re-
quests or events. Event-driven systems provide many ad-
vantages, the most prominent advantage being evolvabil-
ity, which is enabled by the separation of event demulti-
plexing and dispatching from event handling. Although
the handling of events is specific to the services pro-
vided by the application, the event demultiplexing and
dispatching functionality is more or less uniform across
all the applications that follow the event-driven style,
and can be codified into a reusable building block or a
pattern [2]. The Reactor pattern [14] embodies the de-
multiplexing and dispatching capabilities that could be
reused to facilitate the development of event-driven ap-
plications.

It is a well-known fact that it is important to ana-
lyze the performance of an application starting from the
early phases of the life cycle [17]. Moreover, pure per-
formance analysis, which does not consider application
failures leads to optimistic performance estimates. Thus,
it is important to consider application failures during
performance analysis in order to provide realistic “per-
formability” estimates [15]. Design-time performance
analysis is almost invariably based on a model that rep-
resents application behavior. As a result, in order to en-
able model-based performance analysis of event-driven
applications, it is necessary to build a model of the un-
derlying event demultiplexing framework that is ubiqui-
tous in such applications.

In this paper we present a performability model of the
reactor pattern, which provides the event demultiplexing
and dispatching capabilities. The model is based on the
Stochastic Reward Net (SRN) [12] modeling paradigm.
In addition to the event demultiplexing capabilities, the
model also considers application failures during event



handling. We consider the applications which provide
productivity enhancing services on mobile handhelds as
the guiding examples of event-driven systems. Such ap-
plications can leverage the reactor pattern for their de-
sign and implementation. We illustrate how the SRN
model of the reactor pattern could be used for the per-
formability analysis of the service provided by such ap-
plications. We also discuss how the performability analy-
sis process can be scaled using a model-driven frame-
work. The framework also enables the automation of the
process so that it can be easily used by software archi-
tects and designers who may be non experts in the per-
formability analysis tools and techniques.

This paper is organized as follows: Section 2 de-
scribes the applications that may reside on mobile hand-
held devices that illustrate the event-driven features;
Section 3 discusses the process building a performabil-
ity model of the reactor pattern using the SRN model-
ing paradigm; Section 4 illustrates how the SRN model
could be used for the performability analysis of the ser-
vices provided by applications on the mobile devices;
Section 5 describes how the performability analy-
sis process could be scaled and automated using a
model-driven framework and finally Section 6 pro-
vides concluding remarks outlining the lessons learned
from this study, as well as directions for future re-
search.

2. Overview of Event Demultiplexing Pat-
terns

This section describes the event demultiplexing pat-
terns found in real-world systems that are used for ubiq-
uitous computing, such as wireless handhelds that sup-
port number of applications like email, calendar, web
browsing and multimedia. Section 2.1 provides at a typ-
ical event demultiplexing software architecture in hand-
helds. Section 2.2 then presents an outline of the reactor
pattern [ 14] found in many real-world event driven sys-
tems including the handhelds.

2.1. Event-Driven Software Architecture in
Mobile Handhelds

Figure 1 illustrates a typical software architecture for
event demultiplexing and dispatching in mobile hand-
helds. Handhelds, such as PDAs, have been at the fore-
front of ubiquitous computing and are getting increas-
ingly complex due to the need to support to multiple ap-
plications, such as email, web browsing, calendar man-
agement, multimedia support, and games. Since these
handhelds are used in many critical domains such as
patient healthcare monitoring and emergency response
systems, reliable and efficient operation of these hand-

helds is esssential. Further, since the software residing
in these handhelds is primarily responsible for provid-
ing the necessary functionality, it is necessary to analyze
the software applications for their performance and reli-
ability characteristics. In particular, in this paper we de-
scribe a methodology for the performability analysis of
such event-driven software applications, which are com-
monly used in ubiquitous computing.

Typical Software Architecture for
Applications in Mobile Devices
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Figure 1. Event Demultiplexing in Handhelds

The application mix available in the handhelds is
aptly suited for event-driven systems, which requires de-
multiplexing and dispatching events to the correct event
handlers in the handheld. For example, a user of the
handheld could have set appointments in his/her calen-
dar, which might raise an event while the user may be
in the midst of web browsing. Similarly it is conceiv-
able that email notification arrives while the user is in
the midst of other applications like web browsing or lis-
tening to audio. In the context of handhelds that are tai-
lored to provide service to emergency response person-
nel, one could conceive of a scenarios where sensor data
from a phenomenon of interest is received by the hand-
held with other notifications, such as SMS notifications
from the command and control, received by the hand-
held.

2.2. Description of the Reactor Pattern

Event demultiplexing, dispatching and event handling
is a hallmark of event-driven systems exemplified by
the application mix in handhelds. The development of
these systems is increasingly relying on the use of well-
documented patterns [2, 14], The use of patterns offers
the 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-driven
systems is the Reactor pattern [ 14]. Therefore, performa-
bility analysis of the event-driven aspects of systems,



such as the handhelds, boils down to the performabil-
ity analysis of the reactor pattern. This section therefore
provides background information on the reactor pattern
and its dynamics.

Figure 2 depicts a typical event demultiplexing and
dispatching mechanism documented in the reactor pat-
tern [14]. The application registers an event handler with
the event demultiplexer and delegates to it the respon-
sibility of listening to incoming events. On the occur-
rence of an event, the demultiplexer dispatches the event
by making a callback to the correct application-supplied
event handler. This is the idea behind the reactor pat-
tern, which provides synchronous event demultiplexing
and dispatching capabilities.
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Figure 2. Event Demultiplexing Pattern

Figure 3 illustrates the reactor pattern dynamics. We
categorize these dynamics into two phases described be-
low.

1. Registration phase: In this phase all the event han-
dlers register with the reactor associating them-
selves with a particular event type they are inter-
ested in. Event types usually supported by a reactor
are input, output, timeout and exceptions. The reac-
tor will maintain a set of handles corresponding to
each handler registered with it.

2. Snapshot phase: Once the event handlers have
completed their registration, the main thread of con-
trol is passed to the reactor, which in turn listens
for events to occur. A snapshot is then an instance
in time wherein a reactor determines all the event
handles that are enabled at that instant. For all the
event handles that are enabled in a given snapshot,
the reactor proceeds to service each event by invok-
ing the associated event handler. There could be dif-
ferent strategies to handle these events. For exam-
ple, a reactor could handle all the enabled events se-
quentially in a single thread or could hand it over to
worker threads in a thread pool. After all the events

are processed, the reactor proceeds to take the next
snapshot of the system.
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Figure 3. Reactor Pattern Dynamics

Many different variations of the reactor pattern
are possible. These variations stem from the differ-
ent event demultiplexing and event handling strategies
used in a reactor. For example, in network-centric ap-
plications, networking events can be demultiplexed us-
ing operating system calls, such as select or poll.
For graphical user interfaces (GUIs), these events could
be due primarily to mouse clicks and can be han-
dled by GUI frameworks like Qt or Tk. On the
other hand, the event handling mechanisms could in-
volve a single thread of control that demultiplexes and
handles an event, or each event could be handled con-
currently using worker threads in a thread pool or by
thread on demand.

In this paper, we have developed a performability
model of the reactor pattern, which uses the select
system call for event demultiplexing and uses a single
thread of control to demultiplex and handle events iden-
tified in a given snapshot. In the rest of the paper we de-
scribe this model and demonstrate the use of the model
for performability analysis.

3. Performability Model
tor Pattern

of the Reac-

In this section we describe the process of construct-
ing a SRN model for the reactor pattern. Towards this
end, we first describe the characteristics of the reactor
pattern and the relevant performance measures. A SRN
model of the reactor pattern is then presented along with
a discussion of how the performance measures can be
obtained by assigning reward rates at the net level. We
conclude the section with a discussion of possible exten-
sions to the SRN model.




3.1. Characteristics of the Reactor Pattern

In our performability model of the reactor, we con-
sider a single-threaded, select-based implementation of
the reactor pattern with the following characteristics, as
shown in Figure 4:
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Figure 4. Characteristics of the Reactor

e The reactor receives two types of input events with
one event handler for each type of event registered
with the reactor.

e Each event type has a separate queue, which holds
the incoming events of that type. The buffer capac-
ity for the queue of type #1 events is denoted Ny
and of type #2 events is denoted Ns.

e Eventarrivals for both types of events follow a Pois-
son distribution with rates A\; and Ay, while the ser-
vice times of the events are exponentially distrib-
uted with rates pq and po.

e In a given snapshot, if the event handles corre-
sponding to both the event types are enabled, then
they are serviced in no particular order. In other
words, the order in which the events are handled
is non-deterministic.

e The failures in the reactor are assumed to occur
only in the event handlers (e.g., due to memory cor-
ruption), in which case the event is simply purged
from the system. The failure rates when handling
events of type #1 and type #2 are y; and 7, respec-
tively. Other kinds of failures not considered here
will cause the entire application to fail due to the
single thread model.

The following performance metrics are of interest for
each one of the event types in the reactor pattern de-
scribed in Section 3.1:

o Expected throughput — which provides an es-
timate of the number of events that can be
processed by the single threaded event demulti-
plexing framework. These estimates are important
for many applications, such as telecommunica-
tions call processing.

o Expected queue length — which provides an es-
timate of the queuing for each of the event han-
dler queues. These estimates are important to de-
velop appropriate scheduling policies for applica-
tions with real-time requirements.

e Expected total number of events — which provides
an estimate of the total number of events in a sys-
tem. These estimates are also tied to scheduling de-
cisions. In addition, these estimates will determine
the right levels of resource provisioning required to
sustain the system demands.

e Probability of event loss — which indicates how
many events will have to be discarded due to lack of
buffer space. These estimates are important partic-
ularly for safety-critical systems, which cannot af-
ford to lose events. These also provide an estimate
on the desired levels of resource provisioning.

3.2. SRN Model of the Reactor Pattern

SRNSs represent a powerful modeling technique that
is concise in its specification and whose form is closer
to a designer’s intuition about what a model should look
like. Since a SRN specification is closer to a designer’s
intuition of system behavior, it is also easier to transfer
the results obtained from solving the models and inter-
pret them in terms of the entities that exist in the system
being modeled. An overview of SRNs can be found in
[12]. Stochastic reward nets have been extensively used
for performance, reliability and performability analysis
of a variety of systems [13, 4, 5, 16, 6, 10]. The work
closest to our work is reported by Ramani et al. [13],
where SRNs are used for the performance analysis of
the CORBA event service. The CORBA event service is
yet another pattern that provides publish/subscribe ser-
vices.

Description of the net: Figure 5 shows the SRN
model for the Reactor pattern described in Section 2.2.
The net comprises of two parts. Part (a) models the ar-
rival, queuing, service and failures of the two types of
events. as explained below. Transitions A1 and A2 rep-
resent the arrivals of the events of types one and two, re-
spectively. Places B1 and B2 represent the queue for the



two types of events. Transitions Snl and Sn2 are im-
mediate transitions which are enabled when a snapshot
is taken. Places S1 and S2 represent the enabled han-
dles of the two types of events, whereas transitions Sr1
and transition Sr2 represent the execution of the enabled
event handlers of the two types of events. An inhibitor
arc from place B1 to transition A1 with multiplicity V1
prevents the firing of transition A1 when there are N1 to-
kens in the place B1. The presence of N1 tokens in the
place B1 indicates that the buffer space to hold the in-
coming input events of the first type is full, and no ad-
ditional incoming events can be accepted. The inhibitor
arc from place B2 to transition A2 achieves the same
purpose for type two events.

Part (b) models the process of taking successive snap-
shots and non-deterministic service of event handles in
each snapshot as explained below. Transition Snl is en-
abled when there are one or more tokens in place B1,
a token in place StSnpSht, and no token in place S1.
Similarly, transition Sn2 is enabled when there are one
or more tokens in place B2, a token in place StSnpSht
and no token in place S2. Transition 7T_StSnpl and
T_StSnp2 are enabled when there is a token in either
place S1 or place S2 or both. Transitions T_EnSnpl
and T_EnSnp2 are enabled when there are no tokens in
both places S1 and S2. Transition T_ProcSnp2 is en-
abled when there is no token in place S1, and a token in
place S2. Similarly, transition T_ProcSnp2 is enabled
when there is no token in place S2 and a token in place
S1. Transitions Sr1 and T Fail1 are enabled when there
is a token in place SnpInProgl, and transitions S72
and T Fail2 are enabled when there is a token in place
SnpInProg2. Table ?? summarizes the enabling func-
tions for the transitions in the net shown in Figure 5.
Dynamic evolution of the net: We explain the process
of taking a snapshot and servicing the enabled event han-
dles in the snapshot with the help of an example. We
consider a scenario where there is one token each in
places B1 and B2. Due to the presence of tokens in
places B1 and B2, and a token in place StSnpSht,
transitions Snl and Sn2 are enabled. Both these transi-
tions are assigned the same priority, and hence either one
of them can fire. Without loss of generality, we assume
that transition Snl fires first, which deposits a token in
place S1. The presence of a token in place S1 and place
StSnpSht enables transition T_StSnpl. Also, transi-
tion Sn2 is already enabled. If transition T_StSnpl
were to fire before transition Sn2, the firing of transi-
tion Sn2 would be precluded. In order to prevent this
from happening, transition Sn2 is assigned a higher pri-
ority than transition T'_StSnpl, so that transition Sn2
fires before T_StSnpl when both are enabled. Firing of
transition Sn2 deposits a token in place S2 which en-
ables transition 7°_StSnp2. Transitions T_StSnpl and
T _StSnp2 are both enabled, corresponding to the event

handles of both types of events. If transition T_StSnpl
fires before T_StSnp2, then event handle for the first
type of event will be executed prior to event handle for
the second type of event. On the other hand, T_StSnp2
fires before T_StSnpl, then event handle for the sec-
ond type of event will be executed prior to event handle
for the first type of event. Both the transitions 7_StSnpl
and T _StSnp2 have an equal chance of firing, and this
represents the non-determinism in the execution of the
enabled event handles. Without loss of generality, we
assume transitions T_StSnpl fires depositing a token
in place SnpInProgl, which enables transitions Srl
and T'Faill. Additionally, firing of transition 7_StSnpl
precludes the firing of transition 7T_StSnp2 and vice
versa. Once transition Srl fires, a token is removed
from place S1. If transition T Fa:ill fires prior to the
firing of transition Sr1, it indicates that a failure oc-
curred before the event handle could complete execu-
tion, and this also removes a token from place S1. Thus,
either transition Sr1l and T'Faill fire and remove a to-
ken from place S1, after which transition T_ProcSnp2
fires and deposits a token in place SnpInProg2. A to-
ken in place SnpInProg2 enables transition Sr2 and
T Fail2. TFail2 plays the same role in the service of
the event type #2, as played by T'Faill in the service
of the event type #1. Firing of Sr2 or T'Fail2 removes
the token from place S2. Once Sr2 fires, there are no to-
kens in places SnpInProgl and SnplInProg2, which
enables transition T_EnSnp2. The firing of T_EnSnp2
marks the completion of the present snapshot, and the
beginning of the next one.

Assignment of reward rates: The performance mea-
sures described in Section ?? can be computed by as-
signing reward rates at the net level as summarized in Ta-
ble 2. The throughputs T7 and T are respectively given
by the rate at which transitions Sr1 and Sr2 fire. The
queue lengths Q1 and Q5 are given by the average num-
ber of tokens in places B1 and B2, respectively. The to-
tal number of events F/; is given by the sum of the num-
ber of tokens in places B1 and S1. Similarly, the total
number of events Fs is given by the sum of the num-
ber of tokens in places B2 and S2. The loss probability
L, is given by the probability of N1 tokens in place B1.
Similarly, the loss probability Lo is given by the proba-
bility of N2 tokens in place B2.

4. Performability Analysis of Mobile Ser-
vices

In this section we illustrate how the SRN model of the
reactor pattern is used for the performability analysis of
the application mix consisting of two services, namely,
calendar service and email service. The user of the hand-
held device expects that he be notified of the incoming
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Figure 5. SRN model of the Reactor pattern
Transition Guard function
Snl ((#StSnpShot == 1)&&(#B1 >= 1)&&(#51==10))71: 0
Sn2 ((#StSnpShot == 1)&&(#B2 >= 1)&&(#52 ==10))71: 0
T_5tSnpl (#S1==1)||(#52==1))71:0
T_StSnp?2 (#S1==1)||(#5S2==1))71:0
T_ESnpShtl ((#51 == 0&&(#52==10))71:0
T_ESnpSht2 ((#51 == 0&&(#52 ==10))71:0
T_ProcSnpl ((#51 == 1&&(#52==10))71:0
T_ProcSnp2 ((#51 = O&&(#SQ ))?1:0
Srl (#SnpInProgl == ) 1:0
Sr2 (#SnpInProg2 ==1)71:0
TFaill (#SnpInProgl ==1)71:0
TFail2 (#SnpInProg2 ==1)71:0
Table 1. Guard functions
Performance meiric Reward raie are processc?d or the throughput is of %nterest, sin.ce this
will determine the revenue generated for the provider.
Ty return rate(Sr1)
TS return rate(S7r2) In order to implement the mix of these two services,
Q1 return (#B1) the reactor pattern with the characteristics described in
Q- return (#£B2) Section 3.1 can be used to demultiplex the events. The
I return (#B1 == N171: 0) SRN model of the reactor pattern can thus be used for
Ly return (#B2 == N271 : 0) the performability analysis of the services. In order to
E, return(#B1 + #51) use the SRN model, we designate the email notification
o return(#B2 + #52) requests as events of type #1, and calendar update events

Table 2. Reward assighnments to obtain
performance measures

emails and the calendar events in a reasonable amount of
time. Further, the probability of denying the service re-
quests should be minimal. From the point of view of the
service provider, the rate at which the service requests

as events of type #2.

In the early stages of application development life-
cycle, it is necessary to analyze the impact of design
choices and configurations on the performance mea-
sures. Also, in these stages, it is rarely the case that the
values of the input parameters can be estimated with cer-
tainty, which makes it imperative to analyze the sensi-
tivity of the performance measures to the variations in
the input parameters. Sensitivity analysis will enable the



provider to determine the regions of operation during
which service performance is acceptable. In the subse-
quent subsections we demonstrate how the SRN model
can be used to explore alternative design configurations,
as well as to facilitate sensitivity analysis.

4.1. Impact of Buffer Space

The buffer space available to hold the incom-
ing events of each type is a configuration parame-
ter of the reactor pattern and the services implemented
by the pattern. This choice will have a direct im-
pact on all the performability metrics. Most impor-
tantly, from the user’s perspective, the buffer space
will influence the probability of denying the service re-
quests.

We analyze the impact of the buffer capacities on the
performability measures. The values of the remaining
parameters (except for the buffer capacities) are reported
in Table 3. We consider two values of buffer capacities
Nj and Ns. In the first case, the buffer capacity is set to
1 for both types of events, whereas in the second case
the buffer capacity of both types of events is set to 5.
The performability metrics for both these cases are sum-
marized in Table 4. Because the values of the parame-
ters of the service requests from organization #1 (A1,
and N7) are the same as the values of the parameters for
the service requests from organization #2 (Ao, po, and
N»), the throughputs, queue lengths, and the loss prob-
abilities are the same for both types of service requests
for each one of the buffer capacities as indicated in Ta-
ble 4. It can be observed that the loss probabilities are
significantly higher when the buffer capacity is 1 com-
pared to the case when the buffer space is 5. Also, due
to the higher loss probability, the throughput is slightly
lower when the buffer capacity is 1 than when the buffer
capacity is 5.

For both buffer capacities, the total number of service
requests from organization #2, denoted FEs, is slightly
higher than the total number of requests from organi-
zation #1, denoted F;. Because the requests from or-
ganization #1 are provided prioritized service over the
requests from organization #2, on an average it takes
longer to service a request from organization #2 than it
takes to service 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-
vice requests from organization #2 as compared with the
service requests from organization #1. The reward rates
to obtain the response times can be obtained using the
tagged customer approach [9] and is a topic of our fu-
ture research.

Parameter

Event #1

Event #2

Arrival rate

A1 = 0.400/sec.

Ao = 0.400/sec.

Service rate

w1 = 2.000/sec.

o = 2.000/sec.

Failure rate

v1 = 0.02/sec.

v2 = 0.02/sec.

Table 3. Parameter values

Measure Buffer space
Ny =Ny=1| Ni=Ny=5
Ty 0.37/sec. 0.39/sec.
TS 0.37/sec. 0.39/sec.
Q1 0.064 0.12
Q2 0.064 0.12
Iy 0.26 0.33
Ey 0.26 0.33
Ly 0.064 0.00024
Lo 0.064 0.00024

Table 4. Impact of buffer capacity on per-
formability measures

4.2. Impact of Service Rates

Another design parameter that will impact the service
performance is the service time of the event handlers.
Obviously, a faster rate of service will improve per-
formance, but from the hardware perspective, increas-
ing the service rate may require higher levels of re-
sources thereby increasing the cost of the device. There-
fore, it is necessary to determine what service rate would
be “good enough” to provide acceptable service perfor-
mance. This can be accomplished by analyzing the sen-
sitivity of the performability metrics with respect to the
service rates, namely, 1 and po.

The results reported in Section 4.1 indicate that the
loss probability is significantly lower when the buffer
space is 5 as compared to the loss probability when the
buffer space is 1. As a result, for the purpose of sensitiv-
ity analysis with respect to p; and us, we set the buffer
capacity for both service requests to be 5. We vary the
service rates y; and po in the range of 0.4/sec. to 2.0/sec.
roughly in steps of 0.025, one at a time, to obtain the ex-
pected performance measures by solving the SRN model
shown in Figure ??. The remaining parameters are held
at the values reported in Table 3.

The plots in Figure 6 show the variation of the per-
formability measures with respect to p1. The left plot in
the top column shows the variation of throughputs of ser-
vice requests from organizations #1 and #2 with respect
to 1. The figure indicates that as pq decreases,

It can be noted that as uq decreases, the performa-
bility measures degrade (loss probability, queue length
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Figure 6. Sensitivity of performability measures to service rate ;;

and total number of events increases, and throughput de-
creases). Also, as p; decreases below 0.8/sec., the per-
formability measures deteriorate rapidly. With decreas-
ing u1, the time taken to service a request from organi-
zation #1 increases due to the additional time taken to
complete each snapshot. As a result, indirectly, this also
increases the time taken to service a request from organi-
zation #2 in each snapshot. Thus, the performance of re-
quests from both organizations are adversely impacted,
even though only the service time for the requests from
only one of the organizations increases. The variation of
the performability measures with respect to po shows the
same trend, with the role of event types reversed. These
results are not shown here due to space limitations.

4.3. Impact of Request Arrival Rates

The arrival rates of service requests, namely, A\; and
Ao, constitute the input parameters. In this section we an-
alyze the the sensitivity of the performability measures
to these input parameters.

Based on the results and analysis described in Sec-
tion 4.1 and Section 4.2, we set Ny and N, to 5, and
we set 11 and o to 2.00/sec for sensitivity analysis with
respect to A; and Ay. The parameters v, and o were
held at the values reported in Table 3. The parameters
A1 and Ay were varied one at a time in the range of
0.4/sec to 2.0/sec. roughly in steps of 0.025 to obtain the
expected performability measures by solving the SRN
model shown in Figure ??2.

Figure 7 shows the performability measures as a func-
tion of A;. Referring to the left figure in the top row,
it can be observed that initially, the throughput of ser-
vice requests from organization #1 is nearly the same
as the arrival rate of the requests, indicating that the re-
quests are serviced at the same rate at which they ar-
rive. However, as \; increases, the throughput starts lag-
ging the arrival rate, which indicates that the service rate
is not sufficiently high to process the requests at the rate
at which they arrive. This may cause the queue for re-
quests from organization #1 to operate at full capacity
for an extended period of time, which results in a rejec-
tion of the incoming requests from organization #1.

It can be observed that a decrease in the rate at which
the throughput increases is marked by an increase in the
loss probability of the requests (as shown in the third plot
in the left column) and an increase in the queue length
(as shown in the fourth plot in the left column) in Fig-
ure 7. The left plot in the second row represents the to-
tal number of service requests from each organization as
a function of A\;. The plot indicates that the total number
of requests from organization #2 in the system increases
as \; increases. When \; increases, the probability of
having to service a request from organization #1 prior to
servicing a request from organization #2 event in a given
snapshot increases. Because requests from organization
#1 have priority over requests from organization #2, re-
quests from organization #2 tend to reside longer in the
system as A; increases. Thus, although the throughput
of requests from organization #2 is unchanged with re-
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Figure 7. Sensitivity of performability measures to arrival rate )\,

spect to Ap, the response time of the requests from orga-
nization #2 may increase. The variation of the performa-
bility measures with respect to Ay shows the same trend,
with the role of event types reversed. These results are
not shown here due to space limitations.

5. Scaling and Automating the Performa-
bility Modeling Process

The previous sections described how a SRN model
for performability of the desired application can be de-
veloped. The process described until now focusses on
manually developing these models and the associated in-
put scripts used by the model solvers, such as SPNP. As
the application complexity grows, however, it becomes
tedious and error prone to develop these models manu-
ally since the accidental complexities involved in mod-
eling the application performability characteristics and
the input script sizes for the model solver grow substan-
tially. For example, the model described in Section 3 de-
scribes a performability model of a reactor, which han-
dles only two types of events. In reality there could be
several different event types that an event demultiplex-
ing and handling framework may have to handle. Also,
it should be possible for a software architect, who is a
non expert in the tools and techniques of performabil-
ity analysis to be able to use the model. To enable these
dual objectives, it is necessary to encapsulate the per-
formability modeling approach described in the earlier
sections into user-friendly tools. In this section, we de-

scribe the model-driven approach which allows the user
to scale the smaller base model and automate the process
of performability analysis.

5.1. Modeling Languages for Performabil-

ity Analysis

In this section we describe the ideas based on a
model-driven [11] generative programming [1] frame-
work we are developing to address the aforementioned
challenges. Our modeling framework comprises a mod-
eling language we have developed using the GME [7]
metamodeling environment. The modeling language we
have developed provides the visual syntactic and seman-
tic elements that represent the artifacts of SRNs. Fig-
ure 8 shows a metamodel the represents our modeling
language. This metamodel depicts a class diagram us-
ing UML-like constructs showcasing the elements of the
modeling langauge and how they are associated with
each other. Figure 9 illustrates part of the SRN model we
have used in this paper, which has been modeled in our
framework. The GME environment in which we have de-
veloped our modeling language also allows plugging in
model interpreters that use generative programming to
synthesize the input scripts for the SPNP model solver.
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5.2. Scaling the Models via Model Replicators

5.3. Unresolved Challenges for Model-driven
Frameworks

In the above sections, we describe how the base
model which captures the essential concepts could be
easily scaled using a model-driven framework. The
scaled model essentially embodies the same char-
acteristics of the original base model. In practice,
however, it may be necessary to vary certain characteris-
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tics of the base model, in order to create “variants” of the
pattern. For example, some applications that must pro-
vided differentiated levels of service must handle
events in a prioritized manner, and the implementa-
tion of such applications will require a reactor pat-
tern which provides prioritized handling. Another
possibility is to handle events concurrently in mul-
tiple threads. In the future, we propose to develop
the model-driven framework further, so that creat-
ing the variants of the base model will be facilitated, in
addition to scaling the models with minimal manual in-
tervention.

6. Conclusion and Future Research

In this paper we presented a performability model of
the reactor pattern which codifies the event demultiplex-
ing and dispatching capabilities that lie at the heart of
event-driven software applications. The model is based
on the well-established Stochastic Reward Net (SRN)
modeling paradigm. It considers the failures of the ap-
plication in order to provide realistic performance es-
timates. We demonstrate the use of the model for the
performability analysis of a VPN service provided by
a Virtual Router. Since the reactor pattern is central to
the event-driven software applications, the model pro-
posed in this paper would enable design-time performa-
bility analysis of these applications.

Our future research involves identifying widely
used patterns similar to the reactor pattern, and de-
veloping performability models of these patterns.
Developing strategies to compose models of several pat-
terns, and mirroring their use in software systems is also
a topic of future research.
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