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Abstract

Even with todays hardware improvements, performance problems are stithoo in
many software systems. An approach to tackle this problem for componsed-baftware
architectures is to predict the performance during early developmemissiggcombining
performance specifications of prefabricated components. Many existatigods in the
area of component-based performance prediction neglect seveuaniod factors on the
performance of a component. In this paper, we present a method to talthdgperfor-
mance of component services while including influences of externatssrand different
usages. We use stochatic regular expressions with non-Markoviaitdéoagons to model
the abstract control flow of a software component and probability massiéuns to specify
the time consumption of internal and external services in a fine grain wayexpari-
mental evaluation is reported comparing results of the approach with meesuseon a
component-based webserver. The evaluation yields that using medsitiaeas inputs, our
approach can predict the mean response time of a service with less thaxeatkeviation
from measurements taken when executing the service in our scenarios.

Key words: performance prediction, parametric performance contracts,
service time distribution, software components, stochastic regular
expressions, non-Markovian loops

1 Introduction

Despite the rapidly growing performance (i.e. time efficiein terms of response
time and throughput) of computer hardware, performancélpnas can still be
observed in many large hardware/software systems todag réason for these
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persisting problems is the ever growing complexity of saftev Large software
system have to deal with complex user requirements and &g désigned with
architectures that do not scale well, even with additioratitvare.

Component-based software systerisrhight offer major improvements for
engineering software. Lots of research is directed at aimajythe performance
of component-based software architectures during eaxgldpment stages. The
aim is to predict the performance of a whole architecturedopluining the perfor-
mance specifications of single prefabricated componentsapBoent developers
shall provide these specifications in a parameterisabla,fep that the software
architects or component assemblers can feed them intottoghsin an estimation
on the expected performance of their design. This way, deségisions regard-
ing components shall be supported and component assershidrde enabled to
compare functional equivalent components for their narcfional properties.

To specify the performance of a component, multiple extenfmences have
to be considered, because components shall be third-peptgydble 1]. Compo-
nents may execute external services to provide their ssyvibey can be deployed
on different hardware, operating systems and middlewatgoins. Furthermore,
they interact with their environment by using limited resms of a system, and
they are possibly executed by very different user groups; @pproach aiming at
predicting performance properties of component base@shas to take all of
these factors into account to be precise. Most of the egistpproaches fall short
in at least one of the mentioned facto®$ [

In this paper, we extend our former approach for modellirey dependency
of a component’s performance to external servi@s We also implicitly con-
sider influences of different usage profiles by specifyiagsition probabilities on
control flow branches and probability mass functions forrtheber of loop itera-
tions. We use stochastic regular expressidihsd construct a performance model
based on service effect specifications for a componentceepfi An experimental
evaluation is provided, as we have implemented our appraadtapplied it on an
experimental webserver.

Our approach iprecise because we use discrete probability mass functions to
model the time consumption of internal and external contparts. It iscomposi-
tional, since the result of our prediction is again a discrete godipamass function
and can be used to model the performance of an external séovianother compo-
nent. Furthermore, the approactperametric because different probability mass
functions can be used (for example depending on the undgrlyardware) and
the prediction can be adjusted to a different usage profileHanging transition
probabilities and probability functions for loop iteratioMoreover, performance
contracts for component services specified in the Quali§en¥ice Modelling Lan-
guage (QML) p] can be checked with our method.

The contribution of this paper is twofold: First, we presantew concept for
modelling loops with probability mass functions and intod stochastic regular
expressions. Second, we report on an experimental evatuattiour approach on
a prototypical component-based software system and canparpredictions of
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our approach with measurements. As can be seen in our gealutte calculated
probability mass functions differ only slightly from thetaal measured values
emphasizing the precision of our approach.

The paper is organised as follows: Section 2 introduces @aleliing approach
based on service effect specifications, describes theagticlannotations and ex-
plains the calculations. Section 3 contains the descrif@ur experimental eval-
uation and illustrates the results. Section 4 discussasecework and section 5
concludes the paper and outlines future work.

2 Modeling Component Performance

2.1 Service Effect Specifications

Our model to describe the performance of a component is barssérvice effect
specifications ], which have been proven to be useful to model the influence of
external dependencies on software components. When nmagl#ik performance
(i.e. response time, throughput) of a component, the compitncalls to required
services have to be taken into account, because they dffegierformance per-
ceived by the users of the component. A service effect spatish models the
calls of a provided service of a component to its requiredicses. Usually, the
specification is represented as an automaton to restristipesequences of calls.
The transitions of the automaton model external calls aadsthtes represent in-
ternal computation of the component. Thus, a service etiatbmaton can be
considered as a control flow abstraction.

—a
yAo= foo —Cb
—(C

Fig. 1. Example componefibo and corresponding service effect automaton for sevice

Fig. 1 shows an example compondrdo in UML 2.0 notation on the left side,
with the provided service and the required services b, andc. The service
effect automaton for service is presented on the right side. It is a finite state
machine describing all possible call sequences emitted IBervice effect specifi-
cation have to be provided by the component developer fopooent assemblers.
Service effect specifications can be generated out of smade or derived from
design documents.

As we also want to model the time consumption of the interoalputations of
a service, we first decompose the service effect automatoredeh state an addi-
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tional transition and state is inserted and the transisdabelled with the name of
the former state (Fig2). For example, a transitiasy, is added from the former state
S, to the new final state. This step is also necessary to easatémebmputations.

Fig. 2. Decomposed service effect automaton

Loops with the control flow are modelled by cycles in the sexaffect automa-
ton. Cycles complicate the analysis, since they can be meexted, include other
cycles or have multiple entry points. We want to model lo@pations with prob-
ability functions, which will be described later, so we hdwadentify all cycles
explicitly. Because of this, we convert the service effe¢bmaton into a regular
expression. Regular expressions are hierarchically stretand loops have a clear
entry and exit point and can be identified by the Kleene staraipr. Furthermore,
regular expressions are well suited for the later compariatibecause it is possible
to perform the calculation by traversing their abstractaynree. For the conver-
sion, we use the GNFA-algorithn]f The regular expression for the above service
effect automaton is:

(sp a s; b)" sop ¢ sy

2.2 Stochastical Annotations

Service effect specifications were originally designeddicwate the requires pro-
tocol of a software component out of the provides protocdl arsupport interop-
erability checking between componen. [To conduct performance analysis we
need probabilities for the branches in the control flow, dpions on the number
of loop iterations and timing values attached to the elemehthe regular expres-
sions.

We describe stochastic regular expressions (SRE) (simoifdi)tin the follow-
ing. Leta be a terminal symbol from an alphab®et The syntax of a SRER is
recursively defined as:

R:=a™|Ry" + RY’|RY" - RY?| R
4
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For the alternative?!" + ... + RP», it must hold that ! p; = 1, the sum
of probabilities for the different alternatives at a bramelhe control flow always
equals one. The dot within a concatenation can be omitted.

For the loop construck!, I is defined as a probability mass function over the
number of loop iterations with

l:n—pp,neNy,0<p,<1,INeNy:Vi>N:1(i) =0, I(n)=1

With this definition, we assign a probability to each numbieloop iterations
(e.g. itis possible to define that a loop is executed 3 timéls avprobability of 0,2
and 6 times with a probability of 0,8). Furthermore, the nemts loop iterations
is bounded, as we only allow probabilities greater than Oafdimited number
of iterations. This is a more practical approach to modepsothan in classical
Markov models 9]. There, loops are modelled with a probabilityof re-entering
the loop and a probability — p of exiting the loop. This binds the number of loop
iterations to a geometrical distribution, and it cannot kgressed for example that
a loop is executed exactly-times. It can not be expressed that a larger number
of loop iterations is executed with a higher probability rirea smaller one. But
such situations can be found in many applications in practhere a geometrical
distribution on loop iterations is rather an exception. Pneblem of modelling
loops with Markov models has also been stated by Doernet.¢tLG, who tackle
the problem with a different approach. Other approachesefsddops simply
by providing mean iteration number$l]. This approach is also not favourable,
because in reality, the number of loop iterations may diffeavily based on the
usage of the component, and a mean value falls short to mudddehaviour.

The semanticof the above syntax is defined as follows:

« Symbol @?+): a is executed with probability,,.

« Alternative R]" + R%?): either R, is executed with probability; or R, is exe-
cuted with probability,. The total probability of the expressionyig: = p1+p-.

« SequenceR?" - RY?): first R, is executed, theR, is executed. The total proba-
bility of the expression ig,., = p1 * po.

R is executed with probability (1)

R-R is executed with probability  1(2)
« Loop (R)): .

R-...-R is executed with probability  [(n)

The total probability of the expression is;_, (i) = 1.
For the example regular expression from above, a possiblec6RIE be
(sp aPe st pbr)! spo P gh
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With ps, = po = ps, = Po = pe = ps, = 1,0andi(7) = 1,0.

To model the timing behaviour of the expression, a randonakibe X is as-
signed to each expressidhas described ind. In the following we writez,[n|
for a probability mass function

Ty :n—> p, = P(X = an)
with sampling ratex. The sampling ratev is the stepwidth for the intervals
in the probability mass function and can be chosen for exaraplthe greatest
common divisor of the interval's lengthst = gcd{||z;_1,2]|}iz12. m—1. The
probability mass function models the time consumption dcdléed service or inter-
nal computation. Using random variables instead of constanes allows a more
fine grain performance prediction and is well suited to mackelrnal and external
time consumptions which are not fixed to constant valuesy tepend on a num-
ber of factors like the underlying hardware and middlewdagf@rm, the internal
state of the component or inputs entered by users.

2.3 Computations

The performance of a provided service is computed out of th®iated service
effect specifications expressed as a stochastic reguleessipn. For the computa-
tions the abstract syntax tree of the regular expressioniisand annotated with
the probabilities, loop iterations functions, and rand@mables for time consump-
tion. The tree is then traversed bottom-up until the resgitandom variable for the
root node (i.e. for the provided service) is computed. Infdtlewing, we explain
the computation steps for the basic constructs sequenemative, and loop.

The time consumption for sequencas the sum of the time consumptions for
each expression. The probability mass function for a secpiean be computed as
the convolution of the single probability mass functions:

LRy-Ro (n) = IR, ® TR, [n]
For analternative, the time consumption is computed as the sum of the alter-
native paths weighted by the branch probabilities. Theesponding probability
mass function is:

TR, R,y (1) = P12r, [1n] + papy[n]
As we have specified a probability mass function for the nurobéop itera-
tions, the random variable for theop is:
Xr with probability (1)
Xr+ Xg with probability — [(2)

N Xr with probability (V)
6
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with N € Ny andVi > N : [(i) = 0. Thus the probability mass function for the
loop has the following form:

N i
zpi(n) = U(i)  xg[n]
i=1 Jj=1
To compute the convolutions of the probability mass funtiove make use
of discrete Fourier transform as described 3fy where also the computational
complexity of the approach is discussed in detail.
The probability mass function for the provided servzcef the componentoo
from the example above has the form:

N
=

z.(n) = 1()) (25 @20 @ a5, ®1p) @ Ty ® T ® x5, [0]

2.4 Getting the necessary values

To conduct the performance analysis with our approaclerdifft inputs are needed.
Service effect specifications can be obtained by analysiigce code or design
documents. For example, UML sequence diagrams might hase sygecified for
some components and contain the information to construetvdce effect specifi-
cation.

The service effect specifications are annotated with tiangprobabilities and
random variables for loop iterations. The component d@ei@cannot provide
these values by analysing the code of a component, becaese thlues may de-
pend on how users execute the components. For example, dearatve in the
service effect specification the control flow may take a déffe direction depend-
ing on the input parameter values of the service. Becausésotiie values have to
be provided by the system assembler, who has a certain exjpeodbn how the an-
ticipated users will use the component. An approach sirtoléne work by Hamlet
et. al. [L2] might be taken by the system assembler to obtain trangtiobabilities
and loop iteration probabilities.

Furthermore, the service effect specification is annotatdtdrandom variables
expressing the time consumption of external services @msttions) and the time
consumption of internal computations (on states). Theegpdobability functions
might be derived from measurements (e.g. by benchmarkeagdimponent and the
external services) or by estimating the values based orgioexperience, possibly
supported by an approach like SPE].

It is still unclear, if our approach can be fully applied onstixg black box
components, for example by analysing byte code. Code ammmtanay have to
be made to fully retrieve the needed information for our apph from source
code. The direction of reengineering existing componenitsdke them useful for
our approach is part of our future research.
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3 Experimental Validation

In the following, we provide a first initial experimental éwation of our perfor-
mance prediction approach. We compare measured data vidilatad data as-
suming that the input data for the calculations are avalabhis assumption also
needs to be tested in the future, as it is not clear if devetoplecomponent-based
systems can obtain all the necessary data with the needeidipre The assump-
tion could be tested with a controlled experiment involvstgdents or with an
experiment in an industrial setting, but this is beyond tbapg of the validation
described here.

The goal of our experimental evaluation was to analyse tmepetformance
prediction method from the viewpoint of the developer. Wethag following ques-
tions and use the described metrics to answers these questio

« Precision: How precise are the calculation opposed to the measureteyds
metrics we use descriptive statistics.

- Sampling Rate: What is the influence of the sampling rate of the probability
mass functions to our calculations? We will use descriggtagistics and the time
used for the calculations for different sampling rates tevaar this question.

« Efficiency: How efficient can the calculation be performed? The time fer t
calculations will be used as a metric here. Furthermore, Wedigcuss the
complexity of the calculations.

3.1 Subject of the Experiment: Webserver

For our experiment, we applied the performance predictgpr@ach on a com-
ponent-based web server, which has been developed in ayp époresearch pur-
poses. The server has been designed for the .NET-platfodnsamplemented in
C#. It is multi-threaded, as a dispatcher component spawmesvahread for each
incoming request. Pages can be served either staticaifty liil@rddisk, or they can
be assembled dynamically by using the contents of a corshdatabase (Microsoft
SQL-server).

The webserver consists of 12 components, which are orghaimsa flexible
architecture. Multiple components exist to handle diffeéda@nds of requests (e.g.
HTTP requests) to the webserver. These components areisgdan a Chain-of-
Responsibility pattern1l4], to easily allow extensions for other kinds of requests
(e.g. FTP or HTTPS requests). We omit the full architectdrhe server here and
focus instead on predicting the performance of a single corapt, while taking
connected components into account.

The St ati cFi | eHandl er component (Fig) provides an interface called
| HTTPRequest Pr ocessor to handle simple HTTP requests and retrieves files
from harddisk. It requires theVlebser ver Moni t or and thel Webser ver -
Conf i gur at i on interface to write log messages and to query the global web-
server configuration. Furthermore, th®equest Processor Tool s interface
is used to open and send files to the client.
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]
—(C IWebserverMonitor

IHTTPRequestProcessor O— StaticFileProvider +—IwebserverConfiguration
+—( IRequestProcessorTools

Fig. 3. Component StaticFileProvider

The service effect automatofd] of the serviceHandl eRequest describes
the abstract behaviour of the service and contains a tramdibr each external
service called (Fig4). First, the path information is built for the requestedditel a
check is performed if the path actually exists. If a file isvested, the service writes
a log entry and then starts to read the file from harddisk atsfer it to the client.

If a directory is requested, the service first checks the emfes configuration (via
the | Webser ver Conf i gur ati on interface) for allowed standard file names
(e.g.i ndex. ht m and then checks in aloop, if one of the standard file names can
be found in the requested directory. This file is retrieved sent to the client. If

the file can not be found or the default file name does not extiserror message is
sent to the client.

The regular expression corresponding to the service effemtification (Fig5)
has been obtained by applying the GNFA algorithf [The names of the transi-
tions are abbreviated with the capital letter (e.g. BCP ford@tdmpletePath). We
omit the regular expression for the states of the servieredutomaton here for
the sake of brevity.

In the following, we define the independent, dependent arsgiple interfer-
ing variables of our experimentindependent variableare not altered between
measurements and calculations and define the context ofxperiment. They
are namely the hardware, the middleware platform, the gempnt, the analysed
component$t ati cFi | eProvi der) and the usage profile. To reduce the in-
fluence of the usage profile on the outcome of the experimemtavalysed three
different scenarios for the service effect specificatiosctied above, which will
be described later.

The dependent variablef our experiment is the metric we measured on the
webserver, which was the response time for the differemtasas in milliseconds.

Possibleinterfering variableswere active background processes, which could
have distorted the measurements, caching of the websémerconsumption for
the output of log messages, the possible influence on theuregasnt approach to
the measured results, garbage collection, just-in-tinmepiking etc. . We tried to
keep the effect of the interfering variables as low as péssily e.g. deactivating
background processes, and implementing the measuremaidagion as efficient
as possible.

3.2 Scenarios

We applied our method on three different scenarios foiHdned| eRequest ser-
vice of the StaticFileProvider component. The scenarifisaethe basic control
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WebserverMonitor.
Wr!te_il_lc-g_lin_t_ly‘l WebsemverMonitor.

/ ‘WriteLogEntry3
: IWebserverConfiguration. MWebserverMonitor. y
DefaultFileNames i WriteLegEntry2
State2 State3 | Stated

IRequesiProcessorTools. -
SentHTTPError _F_,_f

_.-o-'-""ﬂ_ﬂf-_

__H___,_,f-ﬂ"" IRequestProcessorToois,

- SentHTTFEmor2

IBequestProcessorTools.
BuildComgpletePath

|
| -

i IRequestProcessorTools
GetFileMimeTypeFor
State5

IWebservarMonitor
WriteLogEntry5

IWebssrveriMonitor.

WriteLogEntrya
[RequestProcessorTools.
SendContemToCliem
IRequestProcessorTacls. IRequastProcessorTooks. ¥

SendHTTPHeader OpenFile
State7 [ State6

Fig. 4.1 HTTPRequest Processor . Handl eRequest : Service Effect Automaton

BCP SHE1 +
(BCP GDF W.2 + BCP W.1) (W.3)* SHE2 +
(BCP GDF W.2 + BCP W.1) (W3)* GFM W.4 OF SHH SCD W5

Fig. 5.1 HTTPRequest Pr ocessor . Handl eRequest : Regular Expression

flow constructs of sequence, alternative, and loop.

In Scenario 1a 50 KByte HTML-file was requested from the webserver. As

no directory was requested, no loop was executed in thisasice(; (0) = 1.0

and/;(i) = 0, Vi € N) and the control flow simply followed a sequence. Fig.

6 shows the stochastic regular expression for this scenarauded are only the
probabilities for alternatives to make the expression meaeable, the probabilities
for the other expression are all 1,0.

Scenario 2nvolved two different request, triggering an alternativéhe control
flow. A 50 KByte HTML file and a subdirectory were requested rala¢ely. The
loop was not executed,(0) = 1.0 andly(i) = 0, ¥i € N) as the file in the
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(BCP SHE1) %0 +
(((BCP GDF WL.2) %5+(BCP W.1)%%) (W.3)h SHE2) 0+

(((BCP GDF WL.2) %“0+(BCP W.1)!%) (W.3)" GFM W.4 OF SHH SCD W.5) 10

Fig. 6. Stochastic Regular Expression for Scenario 1 (Sequence)

subdirectory was immediately found in this scenario (Fig.
(BCP SHE1) %0 +
(((BCP GDF W.2) %5+(BCP W.1)%%) (W.3)!> SHE2) 0+
(((BCP GDF W.2)*%+(BCP W.1)°?%) (W.3)’ GFM W.4 OF SHH SCD W.5) '

Fig. 7. Stochastic Regular Expression for Scenario 2 (Alternative)

Scenario 3contained the execution of the loop for 5 times, as a subtdingc
was requested, and the webserver searched for 5 differengiihes before finding
the file. Thus, the probability function for the loop itemtiwasi;(5) = 1.0 and
I3(i) = 0, Vi € No\{5}. Otherwise, the transitions were taken sequentially is thi
scenario, illustrated by Fig.

(BCP SHE1) %0 +
(((BCP GDF W.2) %5+(BCP W.1)%%) (W.3)! SHE2) 0+
(((BCP GDF W.2)°%+(BCP W.1)'%) (W3)’ GFM W.4 OF SHH SCD W.5) 0

Fig. 8. Stochastic Regular Expression for Scenario 3 (Loop)

3.3 Measurements and Calculations

For measuring the scenarios, we implemented a monitoramydwork for our web-
server, using interceptors to decorate component inesfadith a measuring facil-
ity [14]. The response time of each service call was measured. Taevds stored
in memory during the measuring process and written to diskiXML file format
after the webserver was shut down. This way, we tried to rentbg interfering
influence of monitoring on the measurement results becdus®ddisk accesses.

The measurements were performed locally on a laptop witméuPe-M pro-
cessor 1.6 GHz, and 512 MB RAM with the webserver running on.MIET-
platform. The requests for the scenarios were generated dpymenercial web
stress testing tool and subsequently repeated for one enim&ach scenario. All
requests were performed non-concurrently.

For the calculations, we used the measured data for singless as input to
specify the random variables of time consumption for eachice The transition
probabilities and loop iteration number were generatedobtihe measured data
to ensure consistency between both approaches. Duringlatdns, the abstract
syntax tree of the regular expression is traversed and e donsumption of se-
guences, alternatives, and loops are computed bottom-up.

We used a sampling rate of 10 for each calculation, meaniaglf values
were combined from the probability mass functions to coramé#ch value of the
resulting function. Furthermore, we measured the durdtorach calculation.
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3.4 Results

3.4.1 Precision

Fig. 9-11 show the probability mass functions for the response timeg) of the
Handl eRequest service from the StaticFileProvider component. Measuedd d
(dark line) is compared with calculated data (bright line).

For the sequential execution of scenario 1, the calculatedabilities closely
conform to the measured probabilities (observable in B)g.The calculated line
appears more smooth than the measured line because of t@ut@ns involved
in the calculations. As a goodness of fitness test of twoibigton functions, a(?-
test is commonly used in statistickg. The y2-test with three degrees of freedom
on the two distribution functions here yielded a too highueafor y? to hold our
defined significance level of 0,05. Thus, the deviation ohbesults was too high
to confirm the same underlying probability function.

However, we would still argue that the results are usefubbee the deviation
is small from a developer’s perspective. The mean valuesessurements and
calculations only deviate by 0,45 % (Tah). The maximum values of the prob-
abilities are at 165@is for the measurements and at 16:&0for the calculations,
meaning that the most probable values only deviate by 1 &péin the response
time. We also found that 80 percent of the values lie betwé&&® land 200Qus,
both for measurements and calculation. For a performarelg<sirrying to predict
the reponse time of components during early developmegestaith lots of still
unstable informations, the precision should be adequateate® rough estimations
and to support design decisions.

‘ — - Measurement — Calculation‘

Probability

0,04

ooooooooooooooooooooooooooooooooooooooooooooooooooo
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

Response Time

Fig. 9. Scenario 1 (Sequence): Probability Mass Functions
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Mean | Std. Dev.| Max Y
Measurement(s) | 2124,78| 1387,57 | 1650
Calculation f1s) | 2115,15| 1253,44 | 1670

Deviation (%) 0,45 9,67 1,20

Table 1
Scenario 1 (Sequence): Descriptive Statistics

Scenario 2 involved an alternative in the control flow of teevice effect speci-
fication. Like for the sequential execution of scenario &,dhlculated probabilities
resemble the measured probabilities closely, as can bevelose Fig.10. Never-
theless, the hypothesis for thé-test had to be rejected as in scenario 1.

But like in scenario 1, the mean values and the standard daviat measure-
ment and calculations are very similar (T&p. The maximum probabilities can be
found at 165Qus (measurements) and 1688 (calculations), yielding a deviation
of 2,3 percent in response time. 75 percent of the probisildf measurements
and calculations lie between 1550 and 1920 So the calculations are almost as
precise as in scenario 1.

0,07 |
— - Measurement —— Calculation

1
0,06 - |

o

©

G
.

Probability

o
[
R

0,01
y W
’vWWWWW%WWWm

Response Time

1030
1090
1150
1210 J
1270 4
1330
1390
1450
1510 \
1570
1630
1690
1750
1810
1870
1930
1990
2050
2110
2170
2230
2290
2350
2530
2590
2650
2710
2770
2830
2890
2950
3010

2410
2470

Fig. 10. Scenario 2 (Alternative): Probability Mass Functions

The results for scenario 3 (loop iteration) can be found o Bil. The shape
of the lines of measured and calculated probabilities appigailar, although a
deviation can be detected as the measured curve is slighifted to the right.
As above, they?-test lead to a rejection of the hypothesis of the same uyidgr!
probability function.
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Mean | Std. Dev.| Max Y
Measurement(s) | 2215,38| 1681,25 | 1650
Calculation {1s) | 2206,66| 1508,89 | 1690
Deviation (%) 0,39 10,25 2,37
Table 2

Scenario 2 (Alternative): Descriptive statistics

0,05

‘— - Measurement —— Calculation - - * Calculation (old loop concept)‘

0,045 4

0,04

0,035

o
[=]
@

Probability

o
Q
Y]

o
o
=
3]

o

o

=
L

0,005 4

T ——

6400 g
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6700
6850
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7300 1
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8200 ]
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9700
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10000 7

10150 1

10300 1

10450 1

10600 1

10750 1
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Fig. 11. Scenario 3 (Loop): Probability Mass Functions
Mean | Std. Dev.| Max Y

Measurement(s) | 8160,87| 2726,85 | 6650

Calculation {1s) | 8031,65| 2918,98 | 6850

Deviation (%) 1,58 7,05 2,92
Table 3

Scenario 3 (Loop): Descriptive Statistics

The mean values for measurements and calculations onlatéeby 1,58 %,
the standard deviation and the response time with the higiebkability are very
similar for both measurements and calculations (T8b. More than 81 percent
of the probability values can be found between 648Gand 880Q:s for the mea-
sured values as also for the calculated values. The praceppears useful for
performance predictions again.
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In Fig. 11, we have also included the calculations for this scenarit i
Markovian loop concept (dotted line). With this concep®lgabilities are spec-
ified for re-entering and for exiting the loop. The situatimund in scenario 3
of exactly five loop iterations cannot be expressed. As alttethe calculation
does not resemble the measured values as closely as withalmuiations with
non-Markovian loop iterations. The curve for the Markovlianp model almost
looks like an exponential distribution shifted to the rigfthe reason for this is,
that by specifying loops with transition probabilitiesethumber of loop iterations
is always bound to a geometrical distribution (the disceatse of the exponen-
tial distribution). The practical advantage of modellingps in a non-Markovian
way can be clearly observed in the graph, because the poedicto resemble the
measurements closer.

3.4.2 Sampling Rate

To analyse the influence of the sampling ratieom the probability mass functions,
we obtained measurements and calculations for scenarithlovfierent sampling
rates (1, 5, 10, 50). The time consumption for the calcutatizvith the different
sampling rates was 103 sec, 7 sec, 3 sec, 2 sec respectiealsly showing the
impact of the sampling rate on the timing efficiency of our@agh. Looking at
the results (Fig.12, upper-left: « = 1, upper-rightae = 5, lower-left: a = 10,
lower righta = 50, it can be observed that the calculations closely resenhiele t
measurements up to a sampling rate of 10. Only the resulksangiampling rate
of 50 differed from the measurements to a greater extents $hows, that we
can perform our calculations with a higher sampling raténauit loosing much
precision.

3.4.3 Complexity and Efficiency

In the following, we discuss the time complexity and timeadfincy of our compu-
tations. For calculating the timing behaviour of sequerardsops, convolutions
of the corresponding probability mass functions have todséopmed. We use dis-
crete Fourier transformations, because the convoluti@mores a product in the
frequency domain.

First we will analyse théime complexityof the calculations. Without loss of
generality, consider a random variabYe describing the timing behaviour of the
loop body. Letw be the number of values of and let/N be the maximal pos-
sible number of loop iterations determined by the functioBefore the Fourier
transformation, the value range of has to be enlarged t&/w. The discrete
Fourier transformation of a random variable witww values has the complex-
ity of O(N?w? + Nw). The N-fold convolution of the discrete random variable
corresponds to the N-fold pointwise product of the Fourransform. As the
Fourier transform also ha&w values, the complexity of the N-fold product is
O(N?w). Afterwards, the inverse Fourier transformation has todrégpmed, hav-
ing the same complexity as the Fourier transformation. gdtber, the complexity
of the computation of the probability mass function of Nefdbop iterations is
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Fig. 12. Influence of the sampling rate

O(N?*w? + N*w + Nw).

We also took the time for the calculations of the scenariasdleed above to
analyse the actudgime efficiencyf our approach in our setting. With a sampling
rate of 10, the calculations consumed 3 seconds for scebarieeconds for sce-
nario 2, and 3 seconds for scenario 3. Additional time wasaored to derive the
input data for the calculations from the measurements. &oewaluation, the time
efficiency of our calculations was adequate. So far, we haveptimised the code
of the calculations, neither have we analysed more commgmponents.

4 Related Work

Our approach aims at supporting design decisions durinly &f-cycle stages
of a software system. The timing and resource efficiency adraponent-based
software architecture shall be assessed as early as godsiithg development to
avoid the costs of redesign after starting the implemeonatirhe SPE (Software
Performance Engineering) methodology by Smith et. &l,1[3] was one of the
first approaches into this direction. Balsamo et. &8] provide a broad survey on
model-based performance prediction methods.

Recently, Becker et. al.2] specifically classify performance prediction meth-
ods for component-based systems. They distinguish betquesamtitative and qual-
itative approaches. Quantitative approaches are refiredneasurement-based,
model-based, and combined approaches. Our performandietmye method is a
guantitative approach, because it aims at providing thieesydesigner with perfor-
mance metrics such as response time or throughput. It lsgflurtore model-based,
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as a special kind of stochastic process is used to carry ewtrtalysis.

A number of other model-based approaches have been prop&gdaman
et. al. [L9,2(] tackle the difficult problem of specifying the performarafea soft-
ware component. They extend classical O-Notations to §ptx time and space
requirements of a component and also address the depenoiepeyformance to
input data. Hissam et. al.2]] propose a common terminology for Quality of
Service prediction of component-based systems. Hamlealet[12] use the in-
formation of how subdomains of inputs on provided interfaaee mapped to the
interfaces of subsequent components to make performarttcectablity predic-
tions. Bertolino et. al. 11] developed the CB-SPE framework, which is based
on the SPE-methodology. In this approach, UML models for poment-based
architectures are annotated with performance values diogpto the UML SPT
profile [22] and then mapped to queueing networks. Wu et. 2B] flefine an
XML-based Component-Based Modelling Language to descriegénformance
of a component-based software system and generate Layeee@g Networks.
Eskenazi et. al.Z4] introduce an incremental method to predict the perforreanic
system composed out of components, allowing analyticaissical, or simulation-
based models at each step of the approach. The approach bgrGhat. al. £5]
aims at real-time component-based systems and uses sonslad predict the per-
formance.

Further work is related in terms of the notations used. Pataocontracts for
software components have been developed by Reussner dt5|alS{ochastically
enhanced service effect specifications have been usediéiliey predictions for
component based architectur@§][ The Quality of Service Modelling Language
(QML) [6] can be used to express performance contracts for comporigoicharts
[27] are stochastically enhanced statecharts similar to onotated service effect
specifications. However, the number of loop iterations isnabto a geometrical
distribution in this approach. The problem of modellingpsavith Markov chains
is discussed by Doerner et. all(]. Stochastical regular expressions have been
used for example by Garg et. a][ The SOFA component model uses behav-
ioural protocols similar to our provides and requires peots to specify allowed
sequences of services calls, which are used for interojigyamecking [29].

5 Conclusions and Future Work

In this paper, we have extended our previous parametriopeance contractS]
by introducing a new loop concept to better model practitabsons. We have
used stochastic regular expressions instead of Markov Is\dolecause it is easier
to identify loops and the effort for the calculations is redd by the ability to
traverse the abstract syntax tree of the expressions. drartite, we presented an
experimental evaluation, finding a close resemblance tweeasured data and
data calculated. We also discussed the efficiency of theoappr

Encouraged by our experimental evaluation, we think theapproach of mod-
elling component performance will be useful for componexvedopers and system
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assemblers in the future. Architects of component-basstesys will be able to
identify bottlenecks in their architectures and will als®dupported when choos-
ing among components with equal functionality but différ@oS-characteristics.

However, the approach is far from being complete or beindiegdge in prac-
tice right away. Future work aims at including concurrenzyoé able to model a
large class of practical applications. Furthermore, thréopmance predictions shall
be parameterised for the underlying hardware and middewkatform, which is
still implicit in our probability function. We also envisioa better treatment of the
usage profile of components, as so far we assume that thesaegealues for us-
age modeling are already available. The computational ity as well as the
practical feasibility also have to be analysed more in déepth
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