Integrating Performance and Reliability Analysis
in a Non-Functional MDA Framework
Vittorio Cortellessa, Antinisca Di Marco, and Paola Inverardi
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Abstract. Integration of non-functional validation in Model-Driven Architecture is still far from being achieved, although it is ever more necessary in the development of modern software systems. In this paper
we make a step ahead towards the adoption of such activity as a daily
practice for software engineers all along the MDA process. We consider
the Non-Functional MDA framework (NFMDA) that, beside the typical
MDA model transformations for code generation, embeds new types of
model transformations that allow the generation of quantitative models
for non-functional analysis. We plug into the framework two methodologies, one for performance analysis and one for reliability assessment, and
we illustrate the relationships between non-functional models and software models. For this aim, Computation Independent, Platform Independent and Platform Speciﬁc Models are also deﬁned in the non-functional
domains taken into consideration, that are performance and reliability.

1

Introduction

The recent evolution of software development activities based on models is
rapidly moving the viewpoint of software engineers from a code-centric perspective to a model-centric one. Model-Driven Architecture [11] has substantially contributed to this change of perspective by providing techniques and
tools for model creation and management along the software lifecycle. For example, numerous model transformation approaches ﬁnalized at the code generation
through model reﬁnements have been recently devised [9].
Software modeling is also a well-assessed practice in the non-functional domain. Since decades performance and reliability experts are use to build models for validating software/hardware systems vs non-functional requirements.
However, these activities are not stably embedded in the software development
process, thus non-functional models creation and management do not follow the
same regular reﬁnements applied to the software model.
In order to ﬁll the gap between software development and non-functional
validation, in the last few years the research has faced the challenge of automated
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generation of quantitative models for non-functional validation from software
artifacts1 . Several methodologies have been introduced that all share the idea
of annotating software models with data related to non functional aspects and
then translating the annotated model into a model ready to be validated.
None of these methodologies explicitly deﬁnes the roles of its models within
an MDA context even if the approaches are often presented as MDA-compliant.
In fact few approaches can be found in literature that aim at embedding nonfunctional validation activities and models within MDA.
In the reliability domain, UML proﬁles have been introduced in [13] and [12]
to allow software reliability prediction at diﬀerent levels of the MDA framework.
In [13] the authors translate a set of annotated UML 2.0 Sequence Diagrams
into an annotated LTS (Label Transition System) that is then interpreted as
a Markov model. The solution of the Markov model provides estimations of
the software system reliability. In [12], reliability aspects are introduced in a
Platform Independent Model through an Abstract Reliability Proﬁle. Then, at
the Platform Speciﬁc level a new proﬁle is deﬁned that extends the UML Proﬁle
for EJB and allows the speciﬁcation of the reliability support provided by the
J2EE platform. Finally transformation rules have been deﬁned to map the source
model (PIM) onto the target model (PSM).
In [15] an approach have been deﬁned in MDA that, starting from UML
diagrams, derives an analysis model based on the Klaper language. The novelty
of this approach is that the transformations are based on two techniques typically
used in functional transformations, that are relational and graph grammar-based
techniques.
In [17], MDA is viewed as a suitable framework to incorporate various analysis
techniques into the development process of distributed systems. In particular,
the work focuses on response time prediction of EJB applications by deﬁning a
domain model and a mapping of the domain onto a Queueing Network metamodel.
In [14], the authors aim at helping designers to reason on non-functional properties at diﬀerent levels of abstraction, likewise MDA does for functional aspects.
They introduce a development process where designers can deﬁne, use and reﬁne
the measurement necessary to take into account QoS attributes. Their ultimate
goal is either to generate code for runtime monitoring of QoS parameters, or
to provide a basis for QoS contract negotiation and resource reservation in the
running system.
However, none of such approaches deﬁnes a global framework that embeds
non-functional aspects within the whole MDA (i.e. at CIM, PIM and PSM levels)
in an integrated manner. To ﬁll this lack, in [5] we have introduced a framework
that extends MDA to consider non-functional aspects. Such framework, called
Non-Functional MDA (NFMDA), embeds, beside the typical MDA models and
transformations, new models and transformations related to non-functional validation activities.
1

The major references for this type of approaches in the ﬁeld of software performance
can be found in [1].
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In this paper we provide two instances of the NFMDA framework, one related to performance (namely PRIMA) and another one to reliability (namely
COBRA), both working at platform independent and platform speciﬁc level.
Since automation is a key factor in MDA, we also discuss the tool support that
should be provided to instantiate the NFMDA framework on new approaches.
Goal of this paper is to emphasize, through the instantiation of NFMDA
on existing approaches in diﬀerent non-functional domains, that platform independent/speciﬁc aspects actually occur also in non-functional domains, and
to demonstrate that our framework nicely supports their manipulation through
appropriate types of models and model transformations.
The paper is organized as follows: Section 2 brieﬂy introduces the NFMDA
framework, Section 3 discusses the issue of tool support in NFMDA; in Section 4
we instantiate the framework on two approaches for performance and reliability
validation, and ﬁnally in Section 5 we give the conclusive remarks.

2

Non-Functional MDA Framework

In this section we summarize our extended view of MDA, already presented in
[5] and illustrated in Figure 1. Beyond the canonical MDA models and transformations the NFMDA framework contains three additional types of models
and three additional types of transformations/relationships (see the right side of
Figure 1) that we have introduced to keep Non-Functional (NF) aspects under
control. The new types of models are: CINFM, PINFM, PSNFM2 .
MDA
CIM

CINFM

PIM

PINFM
MDA transformation
Software modeling rework

PSM

PSNFM

NF-MDA transformation
NF analysis feedback

Fig. 1. The NFMDA framework

Figure 2 provides a graphical ﬂavor of NFMDA. All NFMDA instances share
the typical MDA models that are placed in the central cylinder of the ﬁgure.
Each instance is represented as a wing departing from the cylinder, because each
2

For sake of space we cannot provide details of the NFMDA framework, but they can
be found in [5].
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Fig. 2. Views of the NFMDA framework

NF property of a software/hardware system represents only a diﬀerent view of
the system, but it may need diﬀerent models, languages and tools to be modeled
and analyzed.
CINFM - A Computation Independent Non-Functional Model represents the
requirements and constraints related to an NF aspect (such as performance,
reliability, security, cost, etc) that can be formulated at diﬀerent levels of
detail (e.g. component level, functionality level, system level).
PINFM - A Platform Independent Non-Functional Model is a representation
of the business logics of the system along with estimates of NF characteristics, such as the amount of resources that the logics needs to be executed.
PSNFM - A Platform Speciﬁc Non-Functional Model contains variables and
parameters that represent the software structure and dynamics, as well as the
platform where the software will be deployed. In an NF context a platform
must include characteristics of the underlying hardware architecture such as
the CPU speed and the failure probability of a hardware connection.
The new transformations and relationships we introduced among the models
in Figure 1 are:
NFMDA horizontal transformation - It transforms a software model into
the corresponding model suitable to evaluate an NF aspect of the system at
any level in the MDA hierarchy. In Figure 1, CIM→CINFM, PIM→PINFM
and PSM→PSNFM are horizontal transformations. The model transformations belonging to this class share a two-steps structure: the software model
is ﬁrst annotated with additional data, thereafter the annotated model is
transformed into a model from which we estimate the NF aspect of interest.
NFMDA vertical transformation - Even though it seems to play in an NF
domain a similar role to the one of MDA transformations, such transformation is instead intended to provide an input contribution to the horizontal
transformation. In other words, often the horizontal transformations needs
some input from the one-step-higher NF model in the hierarchy.

Integrating Performance and Reliability Analysis in a NFMDA Framework

61

Two types of arrows with double empty peak also appear in Figure 1 to give
completeness to the software NF analysis process, and they represent the reverse
paths after the analysis takes place.
Dashed arrows with double empty peak represent the feedback that originates
from the evaluation of an NF model. Continuous arrows with double empty peak
are direct consequences of NF feedback. They represent the rework necessary on
the software models to embed the changes suggested from the analysis.

3

Tool Support for the NFMDA Framework

Automation is undeniably a key factor in MDA approaches. To be embedded into
the NFMDA framework, an NF validation approach should be supported by a
tool that provides automation to all the validation steps, identiﬁed in Figure 1,
that span from model generation, to model analysis and results interpretation.
However, any NF validation approach cannot be completely automated, as
the annotation of software models with non-functional parameters is necessarily
a manual step that has to be performed by experts of the non-functional domain
of the approach3 .
In general, automated support for model analysis is available and downloadable from the net. As opposite, due to the young age of the model generation
ﬁeld, few existing approaches generating quantitative models are supported by
stable and reliable tools. Even the existing tools, quite often, do not deal with
all the transformation rules deﬁned in the approaches, due to the complexity of
the transformations and/or the diﬃculty of the model representation.
However, several researchers are recently spending a lot of eﬀort to implement
their methodologies for NF validation of software artifacts in a more systematic
way. Two alternative implementation techniques have been considered: (i) adhoc algorithms and (ii) model-transformation techniques.
Ad-hoc algorithms make use of programming languages like C and Java. All
the logics of the model generation has to be carefully implemented, including the order in which the generation rules must be applied, the management
of the internal representation of the source and target models and the traceability
among source and target entities.
Model transformation techniques, instead, are based on languages and tools
created to provide (general) means for transformations among models speciﬁed
through meta-models [15]. In this case, the implementation must only cope with
the model generation rules without taking care of the way such transformation
is actually executed. Moreover, if a transformation language embeds traceability
between models, then the approach can also provide a mechanism that traces
back, on the source model, the analysis results.
Finally, results interpretation and consequent feedback generation are still
open points in this domain. At the moment, few and primitive guidelines [18,19,4]
3

The collection of values for the annotation parameters may be a non trivial activity,
but it is out of scope of this paper.
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or simple annotations of analysis results on the source models [2] have been
proposed in the performance domain, but much work must still be done.

4

Two NFMDA Framework Instances

In this section we embed within the NFMDA framework two existing approaches
to transform software models into NF models. The ﬁrst approach is related
to performance modeling and validation [7], the second one to reliability [8].
Both these approaches have been implemented with ad-hoc techniques for the
generation and analysis of the quantitative model(s) they are based on.
It is worth noting that several NF validation approaches do not work at both
the PIM and the PSM level, but they are suitable for just one of these levels
[2,13]. Both approaches presented here work at all MDA levels, and they have
been selected to show the complete instantiation of the NFMDA framework on
two diﬀerent NF domains.
4.1

Performance Analysis in MDA

The PRIMA methodology has been introduced in [7] and has evolved, on one
side, towards validation of mobility-based software systems [10] and, on the other
side, towards Component-Based Software Performance Engineering [3]. It was
originally conceived as a model-based approach to estimate the performance of
software systems ready to be deployed. Due to the type of performance models produced, PRIMA has the intrinsic capability of analyzing also software
systems at a platform independent level. The prerequisites to apply the approach consist of: modeling the system requirements through an UML Use Case
Diagram, modeling the software dynamics through UML Sequence Diagrams,
and modeling the software-to-hardware mapping through an UML Deployment
Diagram.
Figure 3 represents PRIMA as plugged into the NFMDA framework. CIM,
PIM and PSM are shown in the left-hand side of the ﬁgure. In the right-hand
side of the ﬁgure the additional models introduced in our framework are shown,
which have been renamed in this speciﬁc instance as Computation Independent Performance Model (CIPM), Platform Independent Performance Model
(PIPM), Platform Speciﬁc Performance Model (PSPM). Names of tools able to
perform transformation steps have been reported on the edges corresponding to
the transformations between models.
The system requirements are expressed by an Use Case Diagram that represents the Computation Independent Model of the system. The Use Case Diagram
has been also reported as part of the Platform Independent Model because its
annotated version is part of the transformation to the PIPM. The PIM is completed by the Sequence Diagrams that model the application dynamics through
a set of system scenarios. Finally, the Platform Speciﬁc Model contains diﬀerent
types of information: the name of the platform (e.g. CORBA, J2EE, etc.) determining the type of code that must be generated, and a Deployment Diagram
determining the software-to-hardware mapping of the application.
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Fig. 3. The PRIMA approach

The topmost performance model, namely the CIPM, is obtained by the CIM
(i.e. the Use Case Diagram) with annotations on use cases that express the performance requirements of the system. As an example, in Figure 3 a requirement
on Service1 entails that the average response time of such use case must not be
larger than 1 second when the customers in the system are less than 200. A similar requirement is associated to Service2. The transformation CIM→CIPM can
be easily achieved by annotating an Use Case Diagram within an UML CASE
tool (e.g. Poseidon [21]).
The PIPM is represented by an Execution Graph (EG) [19]. An EG is basically
a ﬂow graph that models the software dynamics, and its building blocks are:
basic nodes that model sequential operations, fork and join nodes that model
concurrency, loop nodes that model iterative constructs, branching nodes that
model alternative paths, and composite nodes that model separately speciﬁed
macro-steps. In addition to the software dynamics, in an EG a demand vector
is attached to each basic node to model the resources needed to execute the
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corresponding operation. It is worth to note that the amount of resource needed
cannot be speciﬁed, at this level in the hierarchy, by classical measures like CPU
time and disk accesses. Each element of the demand vector represents a highlevel metric, such as screen operation, message sending, etc. [19]. An estimated
amount of each metric can be attached to any basic block in the EG. Hence an
EG is a Platform Independent Performance Model as high-level metrics, although
representing performance data, are not bound to any platform.
In order to generate the PIPM, the PIM is annotated with the following data:
(i) Use Case Diagram - probability that an actor enters the system and probability that the actor requires a certain use case (i.e. the operational proﬁle); (ii)
Sequence Diagram - size of messages exchanged over the interactions, probabilities over the branching points, average number of loop iterations.
The annotated PIM (i.e. Use Case Diagram and Sequence Diagrams) is then
transformed into an EG as follows. Probabilities on the Use Case Diagram are
combined to carry out the probability of each use case to occur. The latter represents also the probability that the corresponding Sequence Diagram is executed.
Thereafter, an EG is built for each Sequence Diagram by visiting the diagram
and piecewise translating each fragment encountered in an EG speciﬁc pattern.
EG patterns are then combined following the structure of the Sequence Diagram. During the visit, the performance annotations are used to build demand
vectors attached to EG basic blocks. Finally, all EGs are lumped into a single
one that starts with a branching node, where each EG represents an alternative
path. The probabilities over the outgoing paths correspond to the ones carried
out from the Use Case Diagram4 . The tool supporting the modeling of EGs (i.e.
SPE·ED [22]) allows stand-alone and worst-case analysis of an EG. Obviously,
the validity of the analysis undergoes the trustability of the estimates of model
parameters.
In this step, the CIPM brings the target performance results that have to be
compared with the one obtained from the PIPM solution. In Figure 3 the XPRIT
label on the edges connecting (in both directions) PIM and PIPM represents the
name of the tool that automates such transformation [6].
Going down in the hierarchy of Figure 3, the adopted PSPM is a multi-chain
QN model. The semantics of the QN is as follows: each service center represents
a hardware device, and the jobs traversing the network represent the software
load of the devices.
In this approach the PSM→PSPM transformation makes a large use of the
PIPM. First, the Deployment Diagram is annotated with information on the
internal conﬁguration of each host (i.e. number and speed of CPUs, number and
access time of hard disks, etc.). This information is used in the transformation
process to build the topology of the QN that represents the hardware platform.
The EG structure determines the number of job classes (i.e. chains) that traverse the QN. The combination of values of demand vectors and performance
information about the platform (e.g. CORBA) allow to determine the amount of
4

For sake of space, we cannot provide more technical details of the transformation
process; however, readers interested may refer to [7].
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resources that each class of jobs requires to each hardware device [19]. In Figure 3
the XPRIT label on the edges connecting (in both directions) PSM and PSPM
again indicates the tool that automates such transformation. The SPE·ED label on the edge connecting PIPM and PSPM indicated that the EG modeling
tool also allows to elaborate the EG demand vectors in order to parameterize
the QN.
It is obvious that at this level in the MDA hierarchy a diﬀerent type of performance analysis is pursuable. The QN embeds all the software and hardware
parameters that are needed for a canonical performance analysis. They have been
collected and/or monitored on the actual deployed system. End-to-end response
time, utilization and throughput of any platform device can be computed by solving the QN model, and the results can be compared to the measures of the actual
system. Once validated, such model can be used for performance prediction. System conﬁgurations and workload domains that are unfeasible to experiment in
the actual system can be represented in the model in order to study the behavior
of the system under diﬀerent (possibly stressing) performance scenarios.
The outputs of the PSPM evaluation represent the feedback on the PSM,
which needs to be modiﬁed if performance do not satisfy the requirements. As
illustrated in section 2, the model rework on the software side could propagate
up to the higher level models in case no feasible change can be made on the PSM
to overcome the emerging performance problems.
Behind PIPM/PSPM duality there is the intuitive concept that the performance analysis results can be expressed with actual time-based metrics only
after a PIM is bounded to its platform and becomes a PSM. Obviously the results coming out a PIPM evaluation are not useful to validate the model against
the system requirements, because they may take very diﬀerent time values on
diﬀerent platforms. However, the following three types of actions can originate
from this analysis.
(i) Lower and upper bounds on the system performance can be evaluated
if some estimates of the performance of the possible target platforms are available. For example, if the lower bound on a system response time is larger than
the corresponding performance requirement, then it is useless to progress in the
development process as performance problems are intrinsic in the software architecture. It is necessary to rework on the software models. However, even when
the results are not so pessimistic it is possible to take decisions that improve the
software architecture.
(ii) In order to identify the most overloaded components, the utilization
and/or queue length of each service center in our PIPM must be computed vs the
system population. An overloaded component has a very long waiting queue and
represents a bottleneck in the software architecture. Some rework is necessary
in the PIM to remove the bottleneck.
(iii) Either as a consequence of the above decisions or as a planned performance test, diﬀerent (functionally equivalent) alternative software designs
can be modeled as PIMs, and then their performance can be compared through
their PIPMs in order to select the optimal one.
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Reliability Analysis in MDA

The methodology for reliability modeling and validation that we consider here
has been ﬁrst presented in [16] to estimate the reliability of a component-based
software system as a function of the failure probabilities of components and the
operational proﬁle. Failures of hardware connections have then been embedded
into the model [8]. In order to embed this approach into our NFMDA framework,
we have further enhanced the reliability model by embedding failures of hardware
sites. We have chosen this approach to the reliability validation for two main
reasons: (i) it well suits to be interpreted in platform independent and platform
speciﬁc views (as we show in this section), and (ii) well-founded transformations
from UML models have been proposed to generate the reliability model [8]. For
sake of readability, in the remainder of the paper, we will refer to this approach
as COBRA (COmponent-Based Reliability Assessment).
In Figure 4 we show the COBRA approach as embedded into NFMDA.
Software models are shown in the left-hand side of the ﬁgure and reliability
models in the right-hand one. Following the naming that we have adopted in
NFMDA, the reliability models are labeled as: Computation Independent Reliability Model (CIRM), Platform Independent Reliability Model (PIRM), and
Platform Speciﬁc Reliability Model (PSRM). Again, names of tools able to perform transformation steps have been reported on the edges corresponding to the
transformations between models.
The software models of COBRA (i.e. the ones on the left-hand side of the
ﬁgure) are represented with the same UML diagrams as in PRIMA. Use Case
Diagram represents system requirements and, together with Sequence Diagrams,
represent the system dynamics at the platform independent level. The Deployment Diagram, together with Sequence Diagrams, represent the mapping of software to hardware in the PSM. In this case, the PSM does not include the software
code and the name of the platform.
The topmost reliability model, namely the CIRM, can be obtained by the CIM
with two diﬀerent types of annotations: an annotation attached to an use case
expresses a minimum reliability threshold that is required for the functionality
corresponding to the use case; an annotation attached to the whole diagram
represents a minimum reliability threshold required for the whole system. As
an example, in Figure 4, we have annotated a 0.99 reliability threshold for the
Service1 use case, whereas a 0.982 threshold has been annotated for the whole
system. We will consider here only reliability thresholds on the whole system.
However, the same type of modeling and analysis can be applied at use case level
by restricting the ranges of the reliability equations.
PIRM and PSRM are represented in COBRA by mathematical equations
that link the reliability of the whole system to the failure probabilities of its components. The diﬀerence between the models is that in the PIRM the reliability of
the system only depends on the failures of software components (independently
of the platform they will be deployed), whereas in the PSRM the failures of the
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Fig. 4. The COBRA approach

platform sites and hardware connections are also taken into account. In both
cases, the values assigned to the model variables are extracted from annotations
on the UML diagrams of PIM and PSM.
In COBRA the PIRM is represented by the following equation [16]:
RelP I =

K

j=1

pj ·

N


(1 − θi )IN Vij

(1)

i=1

where:
– N is the number of software components;
– K is the number of scenarios modeling the system dynamics;
– RelP I represents the system reliability at the platform independent level,
that is the probability of no software failures during the system operation;
– θi represents the probability of failure on demand of the component i [20];

68

V. Cortellessa, A. Di Marco, and P. Inverardi

– IN Vij represents the number of invocations of component i within the dynamics of Sequence Diagram j;
– pj is the probability of execution of Sequence Diagram j;
In practice, the system reliability in (1) is the probability that none of the
components fails during the execution of the scenarios represented by the Sequence Diagrams. This type of reliability model is also known as fail-and-stop, in
that any single failure of a component represents a failure of the whole system.
In order to generate the PIRM, the PIM is annotated with the following data:
(i) Use Case Diagram - operational proﬁle as in PRIMA; (ii) Sequence Diagram
- number of invocations per component. The PIM→PIRM transformation in
this case is trivial, in that values of annotations are extracted from the PIM and
properly assigned to the variables of equation (1). In this domain, the CIRM has
the same role as the CIPM, in that it brings the required reliability threshold
that has to be compared with the one obtained from the PIRM solution.
Going down in the hierarchy of Figure 4, the PSRM is represented by an
equation that takes into account also hardware failures, as follows:
RelP S =

K

j=1

pj · (

N


i=1

(1 − θi )IN Vij ·

C
S


(1 − ψl )MSGSlj ·
e−φm ·τj )
l=1

(2)

m=1

where the following additional variables have been introduced:
– S is the number of platform sites;
– C is the number of hardware connections among platform sites;
– RelP S represents the system reliability at the platform speciﬁc level, that is
the probability of no software/hardware failures during the system operation;
– ψl represents the probability of failure on demand of the hardware
connection l;
– M SGSlj represents the number of messages exchanged over the connection
l during the execution of Sequence Diagram j;
– φm represents the failure rate of the platform site m, that is the inverse of
its Mean Time To Failure [20];
– τj is the execution time of scenario j over the targeted platform;
In practice, the system reliability in (2) is the probability that none of the
components, the hardware connections and the platform sites fail during the
execution of the scenarios represented by the Sequence Diagrams. Even in this
case there is an underlying assumption of fail-and-stop, in that each type of
failure induces a failure on the whole system.
Note that the failures of platform sites have been modeled by a continuous
(exponential) failure rate, as opposite to all the other ones that have been modeled by probabilities of failures on demand (i.e. as originated from discrete time
events). The rationale of this assumption is that hardware sites in practice are
never idle (i.e. there are system processes always running), thus their failures
may originate in any instant of time.
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Obviously equations (1) and (2) represent only an example of reliability model
that nicely ﬁts into the NFMDA framework. Other assumptions can be made
that bring to more sophisticated reliability models, such as considering error
propagation among components or dependencies among hardware and software
failures. However, it is out of scope of this paper to discuss limitations of nonfunctional models, as we have remarked in Section 1.
In order to generate the PSRM, the PSM is annotated with the following data:
(i) Sequence Diagram - number of messages exchanged between pairs of components, execution time of the scenario; (ii) Deployment Diagram - probability
of failure on demand of hardware connections, failure rates of platform sites.
Similarly to the PIM→PIRM transformation, the values of annotations can
be then extracted from the PSM and properly assigned to the variables of
equation (2).
It is evident, by simply comparing equations (1) and (2), that the PIRM
originates an optimistic evaluation of the system reliability, because the value of
(1) will be always as large as the one in (2). However, an overestimation of system
reliability can be accepted when failure data related to the hardware platform
are not yet available, i.e. at platform independent level. In fact, a PIRM solution
and sensitivity analysis may support early decisions in the software lifecycle, such
as: (i) distributing the development and testing eﬀorts over critical components,
(ii) selecting COTS components to be plugged in an existing architecture, (iii)
allocating computation complexity in software components and structuring the
software architecture.
As soon as platform data are available, a PSRM can be generated and solved.
The PSRM solution will support late decisions in the software lifecycle, such as
the mapping of software components on platform sites, and the inﬂuence of a
certain type of hardware connection on the whole system reliability.
The outputs of PIRM and PSRM represent, respectively, feedback on PIM
and PSM. The latter ones can be modiﬁed if system reliability does not satisfy
the requirements. The model rework on the software side could propagate up to
the higher level models in case no feasible change can be made on the lower level
models to overcome the emerging reliability problems.

5

Conclusions

NFMDA provides an unifying view on the NF validation in MDA, and it can be
instantiated in several NF domains like performance, security, availability, etc.
Platform Independent and Platform Speciﬁc concepts belong to many software
validation processes, and bringing them to the evidence of an MDA structure is
very advantageous to make these activities acceptable from the software engineering community.
In this paper we have shown how two existing approaches to the performance
and reliability validation can be plugged into NFMDA framework. However,
modern software systems claim for integrated validation of non-functional aspects, since the validation of a non-functional attribute in isolation (such as
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reliability) may not be meaningful due to intrinsic tradeoﬀs between attributes.
For example, authentication mechanisms are usually introduced to improve the
security of a system that, at the same time, may seriously degrade the system
performance.
The NFMDA framework has been conceived to be compliant with the integrated validation of non-functional aspects, as there is no limitation on the
types of non-functional models that can be generated. Obviously, the horizontal
transformations may become very complex with a growing complexity of the
non-functional models. However an integrated NF analysis, while increasing the
complexity of the transformations, may save eﬀort in model annotations (hence
in parameter collection) because several parameters can be shared across nonfunctional attributes. A typical example of parameter sharing is represented by
the operational proﬁle. All non-functional aspects are heavily aﬀected from the
operational proﬁle hence, once annotated on a software model, it can be used
as input to several transformations towards diﬀerent types of non-functional
models.
Several directions may be taken in the future within this context.
First, basing on our experience, several other approaches match this framework in all its structure or in part of it, therefore they shall be easily plugged
into NFMDA. We guess that this shall be one of the priorities for the future
research in this ﬁeld.
The suitability of the NFMDA framework for less established and more cross
cutting NF aspects (such as security) shall be investigated. Likewise the practical applicability of the framework should be experimented on real case studies;
however, experimentation should span over diﬀerent application domains where
diﬀerent non-functional aspects can be critical.
Large investigation shall be devised to the feedback paths in the NFMDA
framework, because the translation of validation results in actual design alternatives is still an open issue in all the NF domains. For example, the use of
model transformation techniques that guarantee traceability would be helpful to
straightforwardly report the analysis feedback on the software models.
Finally, the NFMDA framework represents the basis to enhance NF validation
through: (i) the deﬁnition of languages and ontologies for representing CINFM,
PINFM and PSNFM, and (ii) model transformation languages, techniques and
tools targeting NF models.
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