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Abstract: During the last two past decades, software architecture has been a rising subject of software engineering.
Since, researchers and practitioners have recognized that analyzing the architecture of a software system is
an important part of the software development process. Architectural evaluation not only reduces software
development efforts and costs but it also enhances the quality of the software by verifying the addressability
of quality requirements and identifying potential risks. To this aim, several approaches have been recently
proposed to analyze system non-functional attributes from its software architecture specification.

In this paper, we propose an ADL based formal method for representing and reasoning about system non-
functional attributes at the architectural level. We are especially interested in analyzing performance and
reliability quality attributes. We also propose to analyze the sensitivity of the system by identifying compo-
nents that have the greatest impact on the system quality. The automation of our model was followed by a
series of experiments that allowed us to validate our inductive reasoning to prove the capabilities of our model
to represent and analyze software architectures.

1 INTRODUCTION cisions refinements of software products upstream.
This reduces software development efforts and costs,

Software Architecture is a rising subject of software @nd enhances the quality of the software by verifying
engineering that helps people to oversee a system inthe addressability of quality requirements and identi-

high level. It is defined as the system structure(s), f¥ing potential risks.
which comprise software elements, the externally vis-  In this context, several approaches have been pro-
ible properties of those elements, and the relation- posed in order to analyze systems quality attributes
ships between them (Bass et al., 1998). at the architectural level. However, despite capacities
The architecture of a software productis tradition- Of architecture description languages (ADLS) in for-
ally modeled from the requirements specification, ac- mal description of software architectures, there is a
Cording to the needs expressed by one or more C|ient5_n0tab|e lack of Support for non-functional attributes
The specification expresses customer needs in termdh existing ADLs. Acme, Aesop, Weaves and others
of service functions, constraints, quality, etc. From allow the specification of arbitrary component proper-
the specifications, the designers propose one or morelies, but none of them interprets such properties nor do
solutions that meet the customer needs. At this stage they make direct use of them (Medvidovic and Taylor,
we must ensure that these proposed alternatives mee£000).
all requirements specification to pass the later stages In this paper, we propose an ADL based formal
of the life cycle (eg. implementation, integration, method for representing and reasoning about system
etc.). Itis therefore recommended to develop methodsnon-functional attributes at the architectural level. We
and tools to analyze non-functional properties of soft- are interested in analyzing performance attributes (re-
ware architectures to provide designers with a sup- sponse time and throughput) and reliability (failure
port in their activities. Analysis of the product early probability). We aim to compile an architectural de-
in the software life cycle, helps not only to discover scription and obtain a set of equations that charac-
the problems of the architecture but also to make de- terize non-functional attributes of software architec-
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tures, using an inductive reasoning. These equationsthese models are used to estimate operational qual-
are then solved using Mathematig@{Volfram Re- ity attributes. However, each approach analyzes only
search) in order to obtain system properties as func-one attribute, either reliability or performance.

tion of components and connectors properties. We In the following, we first discuss different ap-
also propose to analyze the system performance senproaches for assessing performance of a software ar-
sitivity and the system reliability sensitivity by iden-  chitecture. Then, we discuss the approaches for pre-
tifying architectural components and connectors that dicting reliability at the architectural level.

limit the system quality and that need an urgent at-  several studies address the performance assess-
tention to be improved. In this paper, we report on ment from a software architecture description. Each
our experimentation of our approach on Aegis system annroach is based on a certain type of performance
(Allen and Garlan, 1996). The goal here is to val- mqdel and specification language. The latter includes
idate the inductive reasoning and the model we have gpecification formalisms such as ADL descriptions,
proposed. First, we analyzed the non-functional prop- chemical abstract machine, and UML based specifi-
erties of Aegis using our ADL based approach. Then, cation, Performance models include Stochastic Pro-
we simulate the performance of the Aegis system t0 ¢ess Algebras, queueing networks (QN) and their ex-
determine and calculate its response time, its through-tensions called Extended Queueing Networks (EQN)
put and its reliability. and Layered Queueing Networks (LQN), etc.

This paper is organized as follows. Section 2 QN is one of the best known performance models.
presents the background and the related work. SeCt'onAquilani et al., in (Aquilani et al., 2001), proposed

3introduces ACME+ ADL and presents themainsyn- o gerivation of QN models from Labeled Transi-

tactic features that we have added to Acme. Section Systems (LTS) describing the dynamic behavior
,4’ describes the cc_)m_pller that J{&Propags for analyz- of SAs. Spitznagel and Garlan, in (Spitznagel and
ing ACME+ descriptions. Section 5, diSCUSSES Per- Garjan 1998), proposed the transformation of Acme
formance and reliability sensitivity analysis. Section descriptions to QN models using "distributed message
6, presents the generation of an agtomated.tool forpassing” style defined in Aesop ADL. However, they
the proposed analysis model. Section 7 outlines ex-,5hq5e only performance analysis of client/server
periments that we have conducted to validate our in- systems. Bernardo et al. in (Balsamo et al., 2002) pro-
ductive reasoning and analysis model. Section 8 con- yoceq /Emilia, an architectural description language
cludes this paper. based on stochastic Process Algebra that allows to
solve performance indices using Timed Markov Mod-
els.
2 RELATED WORK Several studies address the reliability assessment
from a software architecture description. Goseva-

Several methods have been proposed for evaluatingPopstojanova and Trivedi (Goseva-Popstojanova and
software architectures quality attributes. These meth- Trivedi, 2001) classify these approaches into three
ods can be categorized as either being informal meth-categories: state-based, path-based and additive. We
ods (including experience-based, simulation-based,discuss the path-based and the state-based approaches
scenario-based approaches) or being formal ones (in-While ignoring the additive approach as it is not di-
cluding mathematical modeling based approaches)rectly related to software architecture.
(Bosch, 1999). Path-based approaches (Shooman, 1976), (Krish-
Some approaches are interested to the qualitativenamurthy and Mathur, 1997) assess the reliability of
analysis (Giannakopoulou et al., 1999), (wr2, 2005), the system according to the possible execution paths
they verify structural and behavioral properties of the of the program, which can be obtained experimen-
software product such properties are: vivacity, live- tally, by testing or algorithmically. In other words,
ness, coherence, blocking free, etc. While some otherthe reliability of each path is obtained as a product
approaches focus on quantitative analysis, they calcu-of the reliabilities of the components along that path.
late the values of software product measurable prop- Then, the system reliability is calculated by averag-
erties such as performance, reliability, availability, ing the reliability of all the paths. One of the major
maintainability, etc. Our approach falls into formal problems with the path-based approaches is that they
analysis of quantitative quality attributes. In this con- provide only an approximate estimate of application
text, a number of mathematical modeling-based soft- reliability (Franco et al., 2012).
ware architecture evaluation methods have been de- State-based approaches (Cheung, 1980), (Franco
veloped. These methods model software architectureset al., 2012), (Gokhale, 2007) assume that the transi-
using well-known formalisms and models. Then, tions between states have a Markov property, meaning
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that at any time the future behaviour of components scheme (for example, we have three input ports pro-
or transitions between them is conditionally indepen- viding duplicate information, and we proceed as soon
dent of the past behaviour. These models consideras two out of the three produce the same input data).
software architectures as a discrete Markov chain  As an example, let a compone@thas, say five
(DTMC) or a continuous time Markov chain (CTMC) ports, P1, P2, P3, P4, P5 and we wish to record that
or a semi-Markov process (SMP) which are solved us- P1, P2, P3 are the input ports, then, depending on
ing probabilistic model checking tools such as Prism which configuration we want to represent, we write:
(Kwiatkowska et al., 2009). However, Markov mod- j nput (Al 1 Of (PL, P2, P3)),

els face a common problem, the combinatorial growth i nput (AnyOf (P1, P2, P3)),

of the statespace. This occurs when the model has & nput (Mst O (P1, P2, P3)) .

large number of states and a great number of tran-|, the |atter two cases, we must also specify

sitions between those states exceeding the memory,nether the input ports must deliver their inputs

available. synchronously or asynchronously. Hence we
could say, for example:
i nput (Al'l O (asynch(P1, P2, P3)),
3 ACME+: AN ARCHITECTURAL i nput (Mbst OF (synchro(PL, P2, P3)).
DESCRIPTION LANGAGE As for output ports, in case we have more than one

for a given component, we may represent two as-
In order to support the automated derivation of syn- pects: the degree of overlap between the data on
thesized attributes from the attributes of building the various portsiupli cat e, excl usi ve, over| ap),
components and connectors, an ADL needs to haveand the synchronization between the output ports
two important features: constructs to represent rele-(si-mul-t aneous, asavai I -abl-e). Pursuing the exam-
vant attributes and constructs to represimictional ple discussed above, if P4 and P5 are output ports,
dependenciebetween components and connectors. then we can write, depending on the situation:
These two constructs are needed to reason about hovgyt put (over | ap(asavai | abl e( P4, P5)),
attributes are synthesized throughout the architecture.out put ( excl usi ve(si mul t aneous( P4, P5)),

For the purposes of our study, we define an ADL out put (excl usi ve(asavai | abl e(P4, P5)).

called ACME+ as an extension of Acme ADL. |5 ACME+, a functional dependency is written at the
~Acme was selected for extension because it is anend of a component description, after the declaration
interchange language offering benefits from the com- qf g| the ports, or at the end of a connector descrip-

plementary capabilities of ADLs. Also, itis supported tjon, after the declaration of all the roles. A declara-
by AcmeStudio tool which enables users to edit archi- tion of af uncti onal dependency has the fo”owing

tectures via a graphical user interface. In addition, it fie|ds:
offers a complete ontology to describe software ar-
chitectures, distinguishing between various architec-
tural elements: components, connectors, and config- e a declaration of the input relation (how input ports

e aname, to identify the dependency,

uration. The construct dfuncti onal dependency are coordinated),
arises from the observation that the topological infor- ¢ 5 geclaration of the output relation (how output
mation represented by Acme is not sufficient to de- ports are coordinated),

rive synthesis rules for the various attributes, and con-
sists primarily in defining relationships between the ; ) o\ :
various ports of an Acme component and the various ing time for components, transmission time for
roles of an Acme connector. To fix our ideas, we fo- ~ COMNECtors, efc).

cus on functional dependencies within a component, As an example, we may write:

which represent the relationships between the portSrynpep { Name_of functional _dependency

e a declaration of relevant properties (e.g. process-

of a component. At a minimum, thieuncti onal i nput (Most O (synchro(P1, P2, P3))),
dependency must specify which ports are used for out put (excl usi ve(asavai | abl e( P4, P5))),
i nput and which ports are used fout put. In ad- properties(processingTi me=0. 02,

dition, for input ports, we must specify whether the throughput = 45, failureProbability =0.03)}

component may proceed with data from any one of
the ports Al | O ) or the component needs data from
all ports before it proceedf\fyX¥ ); also, there are
cases where we may need a majority of input ports to
proceed kbst O ), such as in a modular redundancy
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4 A COMPILER FORACME+ e The functional dependency of each component, as
ARCHITECTURE a relation between its input ports and output ports.

e The functional dependency of each connector, as a
We have developed a compiler for ACME+; while relation between its origin roles and its destination

programming language compilers map source code  roles.
onto executable code, our compiler maps ACME+  The relevant properties of each component. For
source code onto a set of Mathematica equations that  example, each component has a property called

characterize the non functional attributes of the ar- Processing Time, that may come in handy when
chitecture of interest. To this effect, we assume that:  we want to compute the value of the RT (response
all ports of components are labeled famput or for time) attribute of its output ports as a function of
out put (i nput ports feed data or control information the value of the RT attribute of its input ports.

to the component, anaut put ports receive data or
control information from the component); all roles of
connectors are labeled asi gi n or asdestination
(connectors carry data or control information from
theirori gi n roles to theirdest i nat i on roles); there

is a single component without input port and with a
single output port, called theour ce; there is a single i )
componentwithout output portand with a single input ~ ® Whenever a port is attached to a role, the attribute
port, called thesi nk; we assume that treour ce and values are passed forward from the output port to
si nk components are both dummy components, that the source role. For each attachment of the form:
are used solely for the purposes of our model (if the ~ C.outPort to N originRole.

architecture happens to have a real component with-  \\e write:
out input port and with a single output port, we pro- C out Port . RT
vide it an input port and we attach a dummy source ¢ oyt Port. TP
component and a dummy connector upstream of it; C.out Port. FP
likewise for the sink component). We define an at-
tribute grammar on such architectures, as follows:

e The relevant properties of each connector. For
example, each connector has a property called
Transmission Time, that may come in handy when
we want to compute the value of the RT (response
time) attribute of its destination roles as a function
of the value of the RT attribute of its origin roles.

N. ori gi nRol e. RT,
N. ori gi nRol e. TP,
N. ori gi nRol e. FP.

What remains to explain now is how the attributes
are propagated from input ports to output ports
e Each port of each component has an attribute for ~ within a component and from origin roles to des-
each property of interest (response time, through- tination roles within a connector.
put, failure probability); hence each port has | et ¢ designates a component, whose input ports
three attributes, labeled RT (response time), TP gre calledinPort;;...;inPort, and output ports are
(throughput), FP (failure probability). called outPort;...;outPori. We suppose that these
o Likewise, each role of each connector has an at- input and output ports are related witfianct i onal
tribute for each property of interest, labeled the dependency relationR expressed as follows:

o

same way. R(
. Input(InSelection(lnSynchronisation
e The output port of the source component has triv- (inPortl; ..; inPortn))):
ial values for all the attributes, namely: Qut put (Qut Sel ect i on( Qut Synchr oni sat i on
source. inpPort.RT = 0 (outPortl; ..; outPortk)));

i hfi nity, Properties(procTi me=0.7;thruPut=0.2; fail Prob=0.2)
0.

source.inpPort. TP
source.inpPort. FP

e The system inherits the attributes associated to theWe review in turn the three attributes of interest.

input port of the sink component, namely:
Syst em ResponseTi ne = sink.outPort.RT,

Syst em Throughput = sink.outPort. TP,
System Fai | ureProbability = sink.outPort.FP.

4.1 Response Time

For each output porvut putk? expressed in the rela-
tion R, we write:

The question that we must address now is, of course, C.outPori.RT = functionC.inPort1.RT;
how do we compute the attributes of the sink from the . R ¢))
properties of components and connectors. We do so -.;C.inPort,.RT) +-C.R procTime

by propagating attributes from tlseur ce to thesi nk where function depends on the construct
in a stepwise manner, by considering the following | nSel ecti on, expressing the nature of the rela-
information: tion between input ports.
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If InSelection is AllIOf, thenfunctionis the maxi- independence, the probability of these simultaneous
mum, we write: events is the product of probabilities. Hence we write:
C.outPort.RT = Max(C.inPort; .RT;...;C.inPort,.RT) C.outPor{.FP=1—-
+C.R.procTime (1—C.inPort;.FP x ... x C.inPort,.FP)  (8)
(2) (1—C.RFailProb).
If InSelection is AnyOf, thenfunctionis the mini-  second we consider thatPort; provide interchange-
mum, we write: able information (nSelection is AnyOf). A compu-

C.outPor{.RT = Min(C.inPort RT; .;C.inPort, RT) tation initiated aC.outputk will succeed if compo-
nentC succeeds, and one of the computations initiated

+C.R procTime at input port.inPort; succeeds. Whence we write:

©)
o . : .outPort.FP=1— (1—C.inPort;.FP) x ...
If InSelection is M ostOf, thenfunctionis the median, C.outPory ) ( inrort ) ) % 9)
we write: x (1 — C.inPort,.FP)(1— C.R.FailProb).
C.outPort.RT = Med(C.inPort,.RT; ..;CinPort, RT) T InSelectionis MostOf,then we write:
+C.R.procTime C.outPor{.FP =1- (1—C.RFailProb)x
(4) (1— (C.inPorty.FP+ ...+ C.inPort,.FP) - n).
4.2 Throughput The ACME+ compiler generates all the equations that
we have discussed in this section in Mathematica for-
For each output podutPort of the componerE ex- mat, to enable us to reason about the non functional

the component’s throughput ainPort;. T P. This rule relevant properties of its components and connectors,
depends on whether all of inputs are needed, or anyits functional dependencies, and its topology.

one of them. Consequently ihSelection is AllOf,

and since the slowest channel willimpose its through-

put, keeping all others waiting, we write: 5 SENSITIVITY ANALYSIS

C-outPort. TP = Min(C.Rthruput (5) Sensitivity analysis informs architects about what are
(C.inPorty. TP+ ... + C.inPort,. TP)). the architectural constituents that need an urgent at-
Alternatively, if InSelection is AnyOf, since the  tention to be improved. So they can improve a soft-
fastest channel will impose its throughput, we write: ware architecture, test and validate it based on its
components and connectors properties, architectural
C.outPor{.T P = Max(Min[C.RthruPut C.inPort,. T P}; style, etc. Therefore, we developed a performance
...;Min[C.RthruPut C.inPort,.TF]). and reliability sensitivity analysis able to help archi-
6) tects identify architectural components that require
L . changes.
If InSelection is M ostOf, then we write:

C.outPort.TP = Min(C.RthruPut 5.1 Performance Sensitivity Analysis

(C.inPorty. TP+ ...+ C.inPort,.TP) = n). 0
Performance sensitivity analysis consists in identify-
4.3 Failure Probability ing component bottleneck that limits the system per-
formance. Hence, we have used queueing networks
For each output podutPort of the componen€ ex- laws. We present below the most important two laws

pressed in the relatidR we write an equationrelating  (equations 10 and 11) that we have used. A more
component’s failure probability and failure probabil- detailed explanation can be found in (Denning and
ities of its input ports. This rule depends on whether Buzen, 1978). LeD; be the total service demand on
all of inputs are needed, or any one of them. We first the constituent (component or connector]; is de-
consider thatnPort;, i = 0..n, provides complemen-  fined by :

tary information (nSelection is AllIOf). A compu- D — Xi < S (10)
tation initiated atC.outPort will succeed if the com- 'TX

ponentC succeeds, and all the computations initiated whereX; andS are respectively the processing time
at the input ports o€ succeed. Assuming statistical and the throughput of constituent The system

59



ENASE 2015 - 10th International Conference on Evaluation of Novel Software Approaches to Software Engineering

throughpuiX verifies the following inequality: is illustrated by figure 1. It can be observed that
1 our analysis tool takes as input a file containing a
X< o (11) given system architecture description written in our

|

enriched ACME+ ADL. The compiler then translates
Therefore, the constituent with large3t limits the this file into mathematical equations that characterize
system throughput and is the bottleneck. Since in our the system’s non-functional attributes. Then, the tool
model, each constitue@tis described by one or more  invokes Mathematica to compute actual values of the
functional dependency relations and each relation system’s attributes or to highlight functional depen-
Ris characterized by a processing time, we proposedencies between the attributes of the system and the

to calculate service demai}r of constituent rel- attributes of the system’s components and connectors.
ative to each relatioR;. Dr is defined by:

(C.Ri.thruPutx C.R;.procTime

1- Generation of Acme Description

D R = (12) Acme
¢ SyStemT hrOUg h pUt Description 2- Generation of ACME+ Description
The constituent having the largest valudgk , is the e
bottleneck of the system. * | Description

3- Compilation of ACME+ Description

5.2 Reéliability Sensitivity Analysis

Mathematica

Equations
Reliability sensitivity analysis consists in identifying
component bottleneck that limits the system reliabil- & Equations resolution usingMathematica
ity. -Let's recall that the equations generated by our LA
compiler will be resolved by Mathematica numeri- Properties
cally and symbolically. The symbolic resolution is to
keep components and connectors properties unspeci- Figure 1: Analysis process workflow.

fied and use Mathematica to produce a system prop-
erty expression based on components and connectors

roperties. This form of resolution helps in analyz-
ﬁ‘lg ICihe sensitivity with respect to reIiapbiIity. No)t/e 7 EXPERIMENTS
that our model allows the analysis of system fail- ) ) ) o
ure probability according to components and connec- OUr work consists in analyzing quantitative non-
tors failure probabilities. To determine which compo- functional requirements that can inductively be de-
nent/connector that most affects system reliability, we fveéd such as response time, throughput, failure prob-
calculate the derivative of the system failure probabil- aPility, etc. In order to validate our inductive ap-
ity with respect to its components/connectors failure Proach, we propose to analyze the Aegis system

probabilities. The derivative of the formula is defined (Allen and Garlan, 1996) using our ACME+ based
by the equation 13: method and verify the obtained results by simulating

. the system architecture.
dSystentailProb .

oG, Faiprop '~ b2een (13)

whereC; is the component/connector The compo- ) )
nent/connector having the highest value of the deriva- A€9is Weapons System (Allen and Garlan, 1996) is
tive is the reliability bottleneck. designed to defend a battle group against air, sur-

face and subsurface threats. These weapons are
controlled through a large number of control con-
soles, which provide a wide variety of tactical de-

6 ANAUTOMATED TOOL FOR cision aids to the crew. Figure 2 depicts the ba-
ARCHITECTURE ANALYSIS sic architecture of Aegis represented in AcmeStudio

(Kompanek, 1998). The system consists of seven
We have developed an automated tool that analyzescomponents: Ge&erver, DoctrineReasoning, Doc-
architectures according to the pattern discussed in thistrine_Authoring, TrackServer, Doctringv/alidation,
paper. This tool uses a compiler to map the architec- Display_Server and Experimer@ontrol. To this con-
ture written in ACME+ onto Mathematica equations, figuration, we add, for the sake of illustration, two
then it invokes Mathematica to analyze and solve the dummy components Sink and Source and their asso-
resulting system of equations. The analysis processciated connectors.

7.1 ACME+ Analysisof Aegis System

60



Computing Attributes of Software Architectures - A Static Method and Its Validation

inPort2; inPort3)));
Source Qut put (out Port);
Properties(procTi me=1;thruPut=0. 4; fail Prob=0. 3)
Pipets )1
2. The second example concerns the component

Doctrine vipes | EXperiment pp2 | TTack Doctrine Authoring which operates in a single

* > task R). Its output ports send simultaneously du-
Authoring Control Server plicate information.

Conponent Doctrine_Authoring {
Port inPort; Port outPortO0;
Port outPortl; Port outPort2; Port outPort3;
FunDep= {R(
I nput (inPort);
Qut put ( Dupl i cat e( Si nul t aneous(out Port 1;
out Port 0; out Port2; outPort3)));
Properties(procTi me= 0.7;thruPut=0. 2;
failProb=0.2))}};

Pipel

Doctrine Validation

Pipel2 e |nductive Rules
The compiler generates the following Mathematica
equations for Displayserver:
Display Server
Within Component Display-Server. . Dis-
el play_Server input ports are related witillOf

relation. Then, if we refer to equation 2, we can
write:

Doctrine Reasoning

DisplayServeputPort RT = Max(
Piped DisplayServemPort0.RT,

Piped

" DisplayServemPortl.RT, (14)

Geoserver DisplayServemPort2.RT,
DisplayServemPort.RT)-+
DisplayServeRl.procTime
Figure 2: Aegis system architecture represented in ACME ) ]
Studio. With reference to equation 5, we can write:
. DisplayServeputPort TP = Min(
e ACME+ Description .
] _ DisplayServeRthruPut
Using our proposed constructs ofunctional (15)
dependencywe give below examples of ACME+ S~
pena ; (C.inPort.TP))
descriptions. For the sake of brevity, we content &
ourselves with giving ACME+ descriptions of only With ref ¢ tion 8 ite-
two components of Aegis system. The overall Ith reterence to equation o, we can write.
architecture description of the Aegis Weapon System DisplayServeputPort FP = 1—
in ACME+ is available online at: ; ;
1 - DisplayServeR.failProb

http://web.njit.edutmili/AegisArch.txt. ( Pay )x (16)

3

We present ACME+ descriptions of the two compo- (1— rLDispIayServemPorti FP)
=

nents DisplayServer and Doctrinduthoring.
1. DisplayServer operates in a single proce3pre-
quiring all data from its input ports to display the Between Display_Server and Connectors. When-

results on its output port. ever a component port is attached to a connector role,
Conponent Di spl ay_Server { the attribute values are passed forward from the out-
Port inPort0; Port inPortl; put port to the source role. Hence, we write:

Port inPort2;Port inPort3,;

FunDep = {R( DisplayServemPort0.RT = Pipel3.toRoleRT

I nput (Al 1 OF (Synchronous(i nPort0; inPort1; a7
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DisplayServemPortl.RT = Pipel0.toRoleRT

DisplayServemPort2.RT = PipelZ.toRoIeR(%B)

DisplayServemPort3.RT = Pipell.toRoIeR('I%g)
DisplayServeputPort RT = Pipe14.fromRoIe(I§1q)
The compiler generates the following Mathgnlatica
equations for Doctriné\uthoring :

Within Component Doctrine_Authoring. Doc-
trine_Authoring has only one input port, then the re-
sponse time of eaabutPort, i = 0..3, is equal to the
sum of its processing time and the response time of
its input port. We write:

DoctrineAuthoringoutPori.RT =

(DoctrineAuthoringR1.procTimer — (22)
DoctrineAuthoringinPort.RT);i = 0..3
The throughput of eacloutPort, i = 0..3, is

equal to the minimum between its throughput and the
throughput of its input port. We write:

DoctrineAuthoringoutPort. TP =
Min(DoctrineAuthoringR.thruPut,
C.inPort.TP);i =0..3

(23)

In order for a computation that is initiated at
DoctrineAuthoringoutPort i = 0..3, to succeed,
component Doctrinduthoring has to succeed, and
the computation initiated at its input port has to suc-
ceed. Assuming statistical independence, the proba-
bility of these simultaneous events is the product of
probabilities. Hence, we write:

DoctrineAuthoringoutPort.FP =
1— (1— DoctrineAuthoringR.failProb)x (24)
(1— DoctrineAuthoringinPort.FP);i = 0..3

Between Doctrine Authoring and Connectors.
Whenever a component port is attached to a connec-
tor role, the attribute values are passed forward from
the output port to the source role. Hence, we write:

DoctrineAuthoringinPort.RT = Pipel.toRoleRT (25)

DoctrineAuthoringoutPort0.RT = Pipeb. fromRoleRT
DoctrineAuthoringoutPortl. RT = Pipe3.fromRoIe(F§$)
DoctrineAuthoringoutPor2.RT = Pipe6.fromRoIe(|§'p
DoctrineAuthoringoutPort3.RT = Pipell.fromRoI%zRgl'z
29
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e System Properties

To determine the response time, the throughput and
the failure probability of the system, we use Math-

ematica to solve the system of equations derived by

the compiler taking as unknowDatasinkinput.RT,

Datasinkinput. TP and Datasinkinput.FP respec-

tively. Figure 3 depicts the system response time, fig-

ure 4 depicts the system throughput and figure 5 de-
picts the system failure probability.

System.ResponseTime=
DisplayServer.R1.ProcTime+ExperimentControl.R1.Proc
Time+Max[DoctrineAuthoring.R1.ProcTime+
PipeD.TransTime+Pipell.TransTime, TrackServer.R1.Pro
cTime+Pipel3.TransTime+Pipe2.TransTime,
DoctrineValidation.R1.ProcTime+Pipel2.TransTime+
Max[Pipel.TransTime,DoctrineAuthoring.R1.ProcTime+
Pipe0.TransTime+ Pipe3.TransTime,Pipe2.TransTime+
Piped.TransTime+TrackServer.R1.ProcTime], A]

Where A is defined by
/A= DoctrineReasning.R1.ProcTime+Pipel10.TransTime+
Max[DoctrineAuthoring.R1.ProcTime+Pipe0.TransTime
+Pipe6.TransTime,Pipe2.TransTime+Pipe7 . TransTime+
TrackServer.R1.ProcTime,GeoServer.R1.ProcTime+
Pipe9.TransTime+Max[DoctrineAuthoring.R1.ProcTime
+Pipe0.TransTime+Pipe5.TransTime,Pipe2 . TransTime+
Pipe8.TransTime+Trackserver.R1.ProcTime]]

Figure 3: Aegis response time as function of its components
and connectors response time.

System.throughput=Min[DisplayServer.R1.Thruput,
Min[DoctrineReasoning.R1.Thruput,Pipel0.Thruput,
Min[Geoserver.R1.Thruput,Pipe9. Thruput,Min[Doctrine
Authoring.R1.Thruput,Experimentcontrol.R1.Thruput,
Pipe0.Thruput,Pipe5.Thrput]+Min[Experimentcontrol.R
1.Thruput,Pipe2.Thruput,Pipe8.Thruput, Trackserver.R1.
Thruput]]+Min[DoctrineAuthoring.R1.Thruput,
Experimentcontrol.R1.Thruput,Pipe0.Thruput,
Pipeb6.Thruput]+Min[Experimentcontrol.R1.Thrput,Pipe
2. Thruput,Pipe7.Thruput, Trackserver.R1.Thruput]]+
Min[Doctrinevalidation.R1.Thruput,Pipel2.Thruput,
Min[Experimentcontrol.R1.Thruput,Pipel . Thruput]+
Min[DoctrineAuthoring.R1.Thruput, Experimentcontrol.
R1.Thruput,Pipe0.Thruput,Pipe3.Thruput]+
Min[Experimentcontrol.R1.Thruput,Pipe2.Thruput,Pipe
4 Thruput, Trackserver.R1.Thruput]]+Min[DoctrineAuth
oring.R1.Thruput,Experimentcontrol.R1.Thruput,
Pipe0.Thruput,Pipel 1. Thruput]+Min[Experimentcontrol
.R1.Thruput,Pipel3.Thruput,Pipe2.Thruput,
Trackserver.R1.Thruput]]

Figure 4: Aegis throughput as function of its components
and connectors throughput.

e Reliability Sensitivity Analysis

We propose to analyze the sensitivity of the Aegis
system relatively to the reliability. Thus, we propose
to use Mathematica to calculate the derivative of the
system failure probability with respect to the failure

probability of each one its components / connectors.
The derivative of the formula is defined by the equa-
tion 30, whereC; represents componeint
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System.FailureProbability= 1-(1-DisplayServer.R1.FP) o8
(1-DoctrineAuthoring.R1.FP) *
(1-Doctrinereasoning.R1.FP)(1-Doctrinevalidation.R1.FP)
(1-Experimentcontrol.R1.FP)?*(1-Geoserver.R1.FP)
(1-Pipe0.FP) *(1-Pipel0.FP)(1-Pipell.FP)(1—Pipel2.FP)
(1-Pipe13.FP)(1—Pipel.FP)(1—Pipe2.FP) * (1-Pipe3.FP)
(1-Pipe4.FP)(1—Pipe5.FP)(1—-Pipe6.FP)(1—Pipe7.FP)
(1-Pipe8.FP)(1-Pipe9.FP)(1-Trackserver.R1.FP) *

04 /
03 /
02 -

Probabilité d'échec du systeme Aegis

Figure 5: Aegis failure probability as function of its com- o 01
ponents and connectors fa”ure probablllty Variations de la probabilité d'échec des composants
—+-DS DV -=-GS DR —+<TS —+DA EC

In this example, we assume that all connectors
have a low probability of failure equal to@31 and
we propose to determine the component representing
the reliability bottleneck. So, for each component of
Aegis, we calculate the derivative defined in equation
30.

Figure 6: Reliability sensitivity analysis.

For the readability of the results, in the graphic’s
caption, from the left-to the right, components are
ordered from the lower to the higher increase of the
impact on the overall system reliability. The graph

. clearly shows that the compondiperimentcontrol

OSystem_:anProb;. =12,..n (30) has the highest impact, representing then, the bottle-

0G;.FailProb neck of the system. Hence, we note the compliance of
In table 1, the components are ordered by decreas-conclusions drawn from the graph compared to those
ing order of their derivatives values. The component found by our approach.
having the largest value of the derivative is the one
that most affects the reliability of the system, itisthe 7.2 Analysis of Aegis System by
bottleneck of _the system. More specifically, the com- Simulation
ponentExperimentcontrol is on the top of the list,
showing that it has an impact on the overall system

In order to simulate Aegis system, we have first cod-

reliability. ified the architecture of the whole system using an
o o _ (M x N) matrix which we denote bwarch. M rep-
Table 1: Reliability sensitivity analysis. resents the number of system connectors/diisire-

Composant C C.FP %&:‘Pm ferred to the number of system components. This ma-

ExperimentControl(EC) | 0.007 | 7.813 trix describes the links between components and con-
Doctrine Authoring(DA) | 0.004 | 3.462 nectors. The intersection of a linewith a column
Track Server(TS) 0.006 | 3.469 j in arch matrix indicates whether the connectds
Doctrine Reasoning(DR)| 0.008 | 0.869 connected by itsourcerole to the componeny, is
Geoserver(GS) 0.009 | 0.869 connected by itglestinationrole to the component

Doctrine-Validation(DV) | 0.005 | 0.866 or is not connected to this component.

Display_Server(DS) 0.003 | 0.864 Functional dependencyelations AlIOf, AnyOf,

- ~ MostOf), expressing links between input ports of the
To check on our approach of sensitivity analysis component, are also codified usinglation matrix.
of Aegis system, we study the effect of variations of Each columrj of therelation matrix describes which
components reliabilities to identify points in the ar- connectors have to complete their transmissions in or-
chitecture where the variation has a higher impact on ger to let componentproceed.
the property of the whole system. Thus, we vary the |n order to compare the results found by our analy-

probability of failure of each component of the Aegis  sjs tool ACME+ and those found by the simulation
system (variation of ©25) and calculate the failure  method, we proceed as follows:

probability of the system by keeping fixed the val-
ues of failure probability of other components. The
same variations of failure probabilities values are per-

1. we generate random values of components and
connectors non-functional properties,

formed for all components. 2. we use the formula found by our ACME+ analysis
The graph in figure 6 depicts the failure proba- tool to calculate the property of the whole system.

bility of the overall system according to variations of Let’s recall that this formula expresses the prop-

0.025 on components failure probabilities. erty of the overall system based on the properties
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of components and connectors,

. we execute the simulation using the values of
components and connectors properties which are
generated in step 1,

. we store the results found by ACME+ tool and by
simulation method,

5. Finally, we compare the obtained results.

The whole process is applied to each one of the qual-
ity attributes: response time, throughput and reliabil-
ity. It is repeated a hundred times in order to validate
our inductive reasoning.

e Response Time Simulation

To calculate the system response time by the simu-
lation method, we have used an array of structure,
which we denote b¥xec It stores for each compo-
nent and each connector respectively regécution
time" and his 'transmission tim¥ its "state de-
scribing the state of the component or the connec-
tor: "waiting’, ” finished or in ” executiofy, ”time’
expressing the remaining time for the component or
connector to terminate and go to the staftmished'.
Initially, for every element oE xec(corresponding to

a component or connector), fieldeXecution timé
and transmission timeare initialized to correspond-
ing values randomly generated, the fietddte is set

to "waiting”, the value of the fieldtime’ is set to the
value of the execution time / transmission time of the
component/ connector.

In order to simulate the performance of the Aegis
system, we start by assuming that the component
Datasourcestarts execution and all other components
are pending. We initialize the value ofcéock to 0.

We iterate over the array of structubxec In each
iteration, the value o€lockis incremented by 1 and
at the same time:

¢ the field time" of components and connectors in
execution are decremented by 1,

components and connectors that have finished,

have their states changed tbiriished',

check which components or connectors must be
triggered and change their states txécutiof.
This requires consulting matricearch and
relation to verify the links between components
and connectors.

The system response time is the value of thack

structureE xecthat stores for each component / con-
nector theirthroughputvalues randomly generated,
their "state describing the state of the component /
connector: aiting”, ” finished or in ” executiofy,
"time’ representing the time remaining to complete
and pass the statdihished, "amount, the amount

of information processed or communicated by the
component or the connector. The amount of an archi-
tectural element depends on the amount of informa-
tion received and on itdhroughput In order to sim-
ulate the execution of the Aegis system, we start by
assuming that the componebatasourcestarts ex-
ecution and all other components are pending. Ini-
tially the "amount of each component and connector
is set to 0, thetime’ of each component is set to its
execution time and that of each connector is initial-
ized to its transmission time. Except the first compo-
nent who starts its execution, itarhount is set to its
throughput

We iterate over the array of structulexec In each
iteration:

e "time’ of components and connectors in execu-
tion are decremented by 1,

components and connectors that have finished,
have their states changed ttiriished,

e check which components or connectors must be
triggered and change their states #xécutiofi
and change their fieldsaiount to the amount
of data that they can treat or emit. This requires
consulting matricearchandrelationto verify the
links between components and connectors. The
"amount of an architectural element is equal to
the minimum between theamount received and
its through put

The system throughput will be the value affiount
emitted by the last component of the architecture that
was executed.

e Failure Probability Simulation

To determine the reliability of the system by the
method of simulation, we used an array of struc-
ture that stores for each component / connector
his "probabilityof failure’, its "state (" waiting’,

" finished', ” executioH), the "time’ remaining to fin-

ish and move on to the statdihished and "run”
which indicates whether the component / connector
succeeds or fails. We generate random values of com-
ponents and connectors probabilities of failure. We

when the states of all components and connectors aredlso randomly determine if the architectural element

changed to finished.
e Throughput Simulation

To calculate the throughput of the system by the
method of simulation, we have used an array of
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fails or succeeds the current execution, according to
its probability of failure. The overall system succeeds

or fails based on the failure or the success of its com-
ponents and connectors. We iterate over the array of
structureExec In each iteration:
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o the field time’ of components and connectors in
execution are decremented by 1,

e components and connectors that have finished,
have their states changed tbirlished,

M Simulation

e check which components or connectors must be
triggered and change their states txécutiofi.
This requires consulting matricearch and
relation to verify the links between components
and connectors.

W ACME+

e verify which components and which connectors

have succeeded or have failed and update theirFigure 7: Aegis response time values found by simulation
corresponding values ofun”. and ACME+.

The success or the failure of the overall system is de-
termined by the success or the failure of the last ex-
ecuted component. The steps already described are
repeated several times (100 or 200 times) and each
time, we determine whether the system succeeds or
fails. We then calculate the probability of failure of = * |  simulation
the system as the quotient of the number of failures ~* mAeE

by the total number of tests.

160
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We have analyzed Aegis system using two ap- Figure 8: Aegis throughput values found by simulation and
proaches: simulation and ACME+ tool. We have run -
many tests, in each test we generate random values
of components and connectors properties. Then, we
run our analysis tool ACME+ on these values in order = ©s
to calculate properties of the whole system. We also | ,, |
run the simulation and finally, we compare the results
found by the two methods. 1
To visualize the difference between the obtained | oz |
results, we propose to represent the analysis results in
bar charts graphics which plot Aegis properties com-
puted by ACME+ tool and by simulation in each test. o
Graphics shown by figures 7, 8, 9 depicts an exam-
ple of 20 tests done to compare respectively responserigure 9: Aegis failure probability values found by simula-
time, throughput and failure probability values found tion and ACME+.
by simulation approach and by our ACME+ tool. ) i )
Figures 7, 8 show that the analysis of the Aegis &M to automatically gnalyze performance and reli-
system by simulation and ACME+ tool generates ab!llty_ Qf system architecture from performance and
equal values of response time and throughput prop- reliability of its components and connectors. _For
erties. However, figure 9, relative to failure probabil- heS€ reasons, we propose ACME+ as an extension of
ity property, shows close results. Hence, these results”"¢Me ADL, and discuss the development and opera-
claim the validity of our inductive reasoning. tion of a compiler that compiles archltectures written
in ACME+ ADL to generate equations that character-
ize non functional attributes of software architectures.
We then conduct a sensitivity analysis on the results,
8 CONCLUSION to determine existent bottlenecks that most affect the
performance and the reliability of the system. This
In this paper, we propose an ADL based formal will help architects to identify components and con-
method for representing and reasoning about systemnectors that need urgent attention to be improved in
non-functional attributes at the architectural level. We order to ameliorate system quality.

0.6

W Simulation

W ACME+

01 +

123 456 7 8 921011121314151617181920
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Our work can be characterized by the following Allen, R. and Garlan, D. (1996). A case study in architec-

attributes, which set it apart from other work on ar- tural modeling: The aegis system. IimProceedings
chitectural analysis. qf th.e 8th Internatlonal Workshop on Software Speci-
i o fication and Designpages 6—15.
o from a software architectural specification it is aquilani, F., Balsamo, S., and Inverardi, P. (2001). Per-
quite simple to derive an ACME+ textual descrip- formance analysis at the software architectural design
tion thanks to its expressiveness. level. Perform. Eval, 45(2-3):147-178.

Balsamo, S., Bernardo, M., and Simeoni, M. (2002). Com-

we propose to estimate the non-functional prop- bining stochastic process algebras and queueing net-

erties directly from an architectural description to works for software architecture analysis.Workshop
avoid problems occurred when using a mathemat- on Software and Performancgages 190-202.

ical models. In fact, the transformation of soft- Bass, L., Clements, P., and Kazman, R. (1998hftware
ware architecture to a mathematical model, im- Architecture in Practice Addison Wesley Longman
posed by the analytical approaches, limits their Publishing Co., Inc., Boston, MA, USA.

i ; ; Bosch, J. (1999). Design and use of industrial software ar-
fna(?(?eﬁltles of analysis which depends on the used chitectures. IrProceedings of Technology of Object-

Oriented Languages and Systems
our analysis approach can be applied to any sys-Cheung, R. (1980). A user-oriented software reliability
tem that can be described by components and con- ~ model. IEEE Trans. on Software Engineerirg;118—

nectors for any architectural style (client/server, 125.

g 3 v _ _ Denning, P. and Buzen, J. (1978). The operational analysis
Migesaagg [jters. etcy] uniife Acrissbased g of queueing network modelsACM Computing Sur-

proach, presented in (Spitznagel and Garlan, veys 10:225-261.
1998), which is limited to client/server systems poprica L. and Niemelae, E. (2002). A survey on software
analysis. architecture analysis methoddcEE Transactions on

system analysis must deal with various quality at- SCIPArEENy p el 000me "
Franco, J., Barbosa, R., and Rela, M. (2012). Automated re-

tributes to enable a better understanding of the e e " ;
liability prediction from formal architectural descrip-
strengths and weaknesses of complex systems tions. INWICSA/ECSApages 302—309.

(Dobrica and Niemelae, 2002). Thus, unlike ap- Giannakopoulou, D., Kramer, J., and Cheung, S. (1999).

proaches found in the literature, which analyze ei- Behaviour analysis of distributed systems using the
ther performance or reliability quality attributes, tracta approachlournal of Automated Software Engi-
it is possible with the same ACME+ specification neering 6(1):7-35.

Of a Software System to analyze both performance GOkhale, S.S. (2007) AI’ChIteCture-based software ridliab
and reliability. It is also possible to extend anal- ity analysis: Overview and limitationslEEE Trans.

is 10 oth litv attributes that be ind Dependable Sec. Comput(1):32—40.
ysiS to other quality attributes that can be induc- Goseva-Popstojanova, K. and Trivedi, K. (2001).

tively derived such as availability, maintainability, Architecture-based approach to reliability assess-
etc. ment of software systemsJournal of Performance

our approach is supported by an automated tool. K Evall;aionldéfz)(g-3')az\l79—2t03_. , |
The user can perform many different experi- <ompanek, A. (1998). Acmestudio users manual,

: . Krishnamurthy, S. and Mathur, A. P. (1997). On the estima-
ments by analyzing the software architecture and tion of reliability of a software system using reliabil-

modifying the components and connectors non- ities of its components. IRroceedings of the Eighth
functional properties values or changing the soft- International Symposium on Software Reliability En-
ware topology to get better performances before gineering ISSRE '97, pages 146-155.

iterating the process again. It is then very easy Kwiatkowska, M., Norman, G., and Parker, D. (2009).

to perform many "what-if’ experiments, changin Prism: Probabilistic model checking for performance
arrjameters or ztructure of tEe model to seegwr?at and reliability analysis.ACM SIGMETRICS Perfor-
ph Iti mance Evaluation Revig\86(4):40—45.
the resultis. Medvidovic, N. and Taylor, R. (2000). A classification and
Among the extensions we envision for this work, we comparison framework for software architecture de-
cite: the analysis of other quantitative non functional scription languagesIEEE Transactions on Software

attributes and to investigate more profoundly archi-
tecture styles and dynamic architectures.

Engineering 11(1):70-93.

Shooman, M. (1976). Structural models for software reli-
ability prediction. InProceedings of the 2Nd Inter-
national Conference on Software EngineerihfGSE
'76, pages 268-280.
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