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Abstract Model driven architecture (MDA) views applica- the modelling of component-based systems with particular
tion development as a continuous transformation of models oemphasis on non-functional aspects. In this paper we focus
the target system. We propose a methodology which extendsn the models required by the methodology. Although they
this view to non-functional properties. In previous pullic are directly applicable to Quality of Service propertiesyon
tions we have shown how we can use so-called context modsuch as response time, delay, memory usage), we beligve tha
els to make the specification of non-functional measuresnentthey can be extended to cover other non-functional product
independent of their application in concrete system speeifi properties—such as security—as well. For the purpose of this
tions. We have also shown how this allows us to distinguishpaper we will consider the terms non-functional and QoS to
two roles in the development process: the measurement dde synonyms.
signer and the application designer. The core concept of QoS specifications is the measure-
In this paper we use the notion of context models to al-ment—or characteristic [15]. A measurement is a mapping
low the measurement designer to provide measurement defrom states, objects, or events of a physical system (eng., a
initions at different levels of abstraction. A measuremiant implemented and running application) to a formal system (fo
our terminology is a non-functional dimension that can beexample, the set of real numbers). Examples for measure-
constrained to describe a non-functional property. R&wir ments are: response time (a mapping from an operation call
the measurement designer to define transformations betwegn g running system to a real number representing the time
context models, and applying them to measurement definitaken from invocation to return), or confidentiality (a map-
tions, enables us to provide tool support for refinement ofping from a channel used to transfer information to a value
non-functional constraints to the application designdre T indicating the level of confidentiality achieved by this oha
paper presents the concepts for such tool support as well asrl).

prototype implementation. Measurements and constraints over them must be mod-
) ) elled. Formally modelling a measurement can be complicated
Key words Non-functional Properties — Model Transfor- gnq s thus not a task an application designer would want to
mation — Refinement — CASE tool support undertake. At the same time, the same measurement may be
relevant to different applications, so once a measurenant h
been modelled we would like to be able to reuse it for dif-
ferent applications. In order to do so, measurement spacific
1 Introduction tions must be made independent of specific applications. We
can achieve this by using models of the relevant aspects of
Non-functional properties of a system—for example, Qua"target applications—we call thesentext modefs[31]—in
ity of Service (QoS) or security aspects—need to be considie gefinition of measurements. They will then be applica-
ered as early as possible in the development cycle to analysge to any system model that can be viewed as an instance of
the non-functional behaviour of the system. This is esligcia the context model used in the definition of the measurement.
true for component-based systems because all context dgye have thus ensured that the definition of measurements can
pendencies need to be made explicit. In the context of thge done independently of the usage of those measurements,
ComQuAD project we develop a methodology supporting and vice-versa. We can now separate two roles in the devel-

1 COMponents with QUantitative properties and ADaptiv-
ity at Technische Universit Dresden and Friedrich-Alexander- 2 Note that these models are unrelated to models from context-
University Erlangen-Nuremberg, Germany; supported by Germaraware computation. They merely represent the context of a mea-
Research Council; see www.comquad.org surement definition.
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opment process: Thmeasurement designewho creates a hand will be developed only once. Therefore, we separate the
library of measurements, and theplication designerwho  roles of measurement designand application designein
uses these measurements to annotate application models wibur process. Their combined efforts lead to a specification o
non-functional specifications. the system including its non-functional properties.

The basic idea of existing development processes—es- Our process comprises the following steps:
pecially approaches based on the Model-Driven Architectur
(MDA) [19]—is the refinement of system models from an 1. Definition of measurements at different levels of abstrac
abstract view of the system to a model close to the real im-  tion, including provision of transformation rules for con-
plementation. The application designer creates, and shink  text models by the measurement designer (see Sect. 4).
about, functional models at different levels of abstractide The measurement designer can do so independently of
should be able to do so for non-functional models, too. This  application development and even at a far earlier time.
paper is about how different context models can be used to Remember that a measurement is simply a non-functional
represent differenlevels of abstractiorior a measurement, dimension that must be constrained to form a non-func-
and how this can be leveraged to provide tool support for tional property.
the application designer’s refinement of non-functionalcsp 2. Use of measurements during the specification process by
ifications. Two ideas form the basis for this: a) we require  the application designer. The application designer con-
the measurement designer to describe the refinement redatio  strains measurements and binds these constraints to el-
between different context models as transformations, dhd b ements of the functional model.
we apply these transformations to the more abstract measure3. Tool-supported refinement of measurements. The appli-
ment definitions to create refined versions. The application cation designer chooses one out of several refined mea-
designer can then reuse these refinements as prompted by surements. These have been previously provided by the
refinements in the functional model of the system. We dis- measurement designer together with an informal descrip-

tinguish two kinds of non-functional refinemerstructural tion of each measurement (see first item).
refinementand measurement refinementhich will be ex- 4. Modelling and refinement of connectors between compo-
plained later in Sect. 3. nents during the assembly process. The application de-

This paper is an extended and refined version of [32,33].  signer uses connectors to model the influence of the con-
It focuses on modelling issues related to measurement fefine  tainer on non-functional properties of the application.
ment. In Sect. 2 we give a short introduction to our overall
development process and the specification languages we use, The resulting non-functional specification is used for a
which form the context of this work. The following sections variety of purposes. Apart from generating code for runtime
describe measurement refinement and the related models ionitoring of QoS parameters, its main use is in providing a
more detail: from the application designer’s view (Sect. 3) base for QoS contract negotiation and resource reservation
from the measurement designer’s view (Sect. 4), and from ahe running system—the component container.
more technical, tool-oriented perspective (Sect. 5).i8e@& A third role—the component developeris involved in
presents a prototype implementation of tool support for ourthe software development process (Fig. 2). His task is te pro
concepts. We use a simple example application with responsg@de appropriate component implementations. It is esaknti
time constraints throughout the paper to illustrate our apto test the non-functional properties of these component im
proach. Finally, the conclusion points out the most impurta plementations in a test container [24]. The component devel
arguments of our work as well as issues for further researchgper then translates the test results into a non-functipexd-
ification for each component implementation. For this pur-
pose he uses the predefined measurements from the measure-
ment repository. The component implementations and the re-
spective non-functional specifications are stored in a com-
Figure 1 gives an overview of our overall software devel- ponent implementation library. The application desigreer ¢
opment process for non-functional properties. After the re query the library to find component implementations fulfill-
quirements analysis the application designer begins teeinod ing the non-functional requirements of the applicatiorteys
the system. This includes modelling of non-functional prop specification. The verification of the components’ funcéibn
erties by specifying non-functional constraints and 4ttac ity is beyond the scope of this paper.
ing them to components and connectors. The application We use two specification languages: For functional mod-
designer switches between modelling—and refining—non-elling we primarily use the component model element from
functional properties of the components (labelled “Apglic  UML 2.0 [29] extended with a stereotype for interfaces which
tion Modelling” in the figure) and of the components’ envi- allows us to distinguish between operational interfacés, o
ronment (called “Environment Modelling” in the figure). fering a set of operations to be invoked, and streaming-inter

Our approach separates measurement definition fronfaces for data-flow based communication. We added graph-
measurement usage—that is, specification of non-functionakal representations for modelling streaming ports as show
properties of applications using these measurements. Mean Fig. 3: Interfaces marked up assources>—that is, ports
surement definitions can be very complex, but on the otheemitting data packages—are displayed as outgoing double

2 A Process for Component-Based Systems with
Non-functional Properties
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arrows (—>), <sinks>—ports accepting data packages— characteristics and quality statements are parametrisdd a
as incoming ones$—), respectively. Connections between can, therefore, be reused in different contexts. To agta|
these ports are depicted as double lines (=). For the nontach the non-functional specification to the functional ,one

functional specification we use CQML]31] an extension of
CQML (the Component Quality Modelling Language) [1].

CQMLT provides the construct of quality profiles. In such
a profile current parameter values—for example, streams or

CQMLT builds on quality characteristics, which essen- operations of the component to which the non-functionat con

tially are definitions of measurements. Quality statemargs

straint is applied—replace the formal parameters of quality

used to specify constraints on characteristics. Both tyuali statements. Quality statements can be associated to a com-



1 quality_characteristic samplerate (af : Flow) {
domain: numeric real [0..) samples/second;

values: af.events.eventsInRang¢1000)>size();

}

quality cd_audio (af: Flow) {
samplerate (af) >= 44100;

11 profile datadelivery for AudioPlayer {
profile good {
provides cd_audio (audioOut);

}
}

Listing 1 A sample CQML" specification of CD-quality audio
transmission

ponent as offerspf ovi des), requirementsyses), or re-
source demands ésour ces). CQMLT—as CQML—uses

a slightly modified version of the Object Constraint Langeiag
(OCL) [27] for the specification of the formal meaning of a
characteristic.

For example, Listing 1 shows a CQMLsnippet describ-

ing CD-quality audio transmission. It begins with a quality

characteristic specification of theanpl e_r at e measure-

ment. Thedomai n-clause specifies the range of possible val-
ues for the measurement—all real numbers greater or equal
zero. The unit of measurement is ‘samples per second’. The

OCL expression in theal ues-clause specifies that the cur-

rent sample rate is determined by counting the number of

events that occurred for a flow of samples in the [H¥i0
milliseconds. Next, it defines a quality statemedtaudi o
that constrainsanpl e_r at e to the typical CD-audio rate
for one channel. Finally, this quality statement is asdedia
with theaudi oQut port of componendudi oPl ayer .
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For a more in-depth explanation, we describe the individ-
ual models as seen from the application designer’s view as
well as from the measurement designer’s view in the follow-
ing sections.

3 The Application Designer’s View

The application designer obtains a target specificatiom fro
the requirements analysis. Using this artefact, he begots m
elling an adequate system which fulfils the customer’s re-
quirements. He creates a functional model of the system, tag
ging non-functional aspects to it using a system modelling
tool supporting graphical modelling. As he progressesén th
development, the functional model gets more and more de-
tailed. Correspondingly, the application designer musb al
refine the non-functional specification. We distinguish two
kinds of non-functional refinement:

1. Structural RefinementThe application designer adds new

model elements, as the functional model gets more re-
fined. In this process, he may have to reassign non-func-
tional property specifications that had been tagged to one
model element to some newly added model element—or
he may even have to distribute them to several new ele-
ments. For example, at a very early stage the application
designer of a video server application may have modelled
the complete application as one monolithic component,
also tagging any non-functional specifications—for ex-

ample, response time constraints—to this big component.
Later, he refines the component by decomposing its func-
tionality into several subcomponents. In this step, he will

also need to refine the non-functional properties tagged
to the monolithic component by determining which of

the subcomponents have to provide each non-functional

CQMLT is a textual language comprising both measure-
ment definition and measurement usage. For graphical mod-
elling of measurement definitions we plan to use ideas pro-
posed in [30]. For measurement usage we have defined a
graphical notation allowing to attach constraints to pafts
the functional model (Fig. 3). Here the definition of the mea-
surement is secondary. As a simple example imagixe-a
deoSer ver component providing ports for login and order-
ing and also streaming ports for outgoing audio and video
streams. To constrain all operations offered vialtkde der
interface we only need the name of the measurement (here
response_t i ne)and the value constraining it. As depicted
we concentrate these information in one graphical element
calledchar act eri sti c. Itis also possible to define com-
plex measurements, which we cafedi a- char act er -

i stics. These are template measurement sets which are

property.

. Measurement Refinemeith this type of refinement

the application designer uses a more precise interpreta-
tion of the meaning of a certain measurement. For exam-

ple, he may wish to start out thinking about response time

simply as the time between start and end of an operation

call. Later he may wish to make more precise statements
about response time. Fig. 4 shows his options: the time

between 1) the reception of a request and the sending of
the corresponding response, or 2) the reception of a re-
guest and the reception of the corresponding response, or
3) the sending of a request and the sending of the corre-
sponding response, or 4) the sending of a request and the
reception of the corresponding response.

This paper focuses on measurement refinement. Struc-

normally used together to characterize a media stream.rin otural refinement of non-functional properties is a complete

example the streaming pdri/i deoSt r eamis constrained
by a media-characteristici deoQos defined by the prede-
fined values foff r arer at e anddel ay. The internal tool
representation uses CQMNIl. merging measurement defini-

research area of its own and thus outside the scope of this
paper. As a simple example imagine the login mechanism
of ourVi deoSer ver component using another component

User Manager that manages user data. At an early stage of

tion and constraints into one specification. We will explain development the application designer decides that theovide

this in Section 6.1.

server component provides an interfadengi n and uses an
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value<500

<<comp spec>>
VideoServer

<<characteristic>>
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value<600
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B videoQoS
______ T framerate>25
|: =" > VideoStream delay<5
w IAudioStream
Fig. 3 UML extensions for graphical annotation of non-functional properties
interface called User Mgt . The User Manager provides can be seen from the linevdel = fi ne’3. The applica-

this interfacel User Myt . For operations of these interfaces tion designer has just opened the refinement dialogue for the
he can specify different response times depending on the inlast non-functional constraint to be refined and selected on
ternal execution times of the components. This correspondsf the possible refinements. Note that the application desig
to Step 2 in Sect. 2. is completely shielded from the formal intricacies undiexdy
the different response time definitions.

Once non-functional specifications have been created and
connected with a functional specification, it becomes impor
. . . fant to have analysis tools allowing for determination afva
n deta_ul, but only as the time t_)etween star_t and _e”d of Ahus properties of the system. One property for which amalysi
operation call. Here, our mapping support is applied. If heis very important and helpful is to determine whether a com-

watnFs. tohreﬂ|?|§ thevr\zspondsg tltrf?eefo(; thesoperatlbtkra]er ) ponent satisfies the non-functional demands of another com-
Mt : : checkPassWi used by | deoserver , the ap- ponent. For this it is necessary to compareubed proper-

plication designer can use the CASE tool to refine this NON%ias of the “client” component with ther ovi ded properties
functional aspect. The tool provides four different kinds o p "

: . : . ) __of the “server” component.
refined response times using a library where the information In the example such an analysis becomes necessary be-
about the mapping is stored. Depending on what the appli:

: . . tween theVi deoServer and theUser Manager. The
cation designer wants to model, he will choose one of the\ﬁ deoSer ver requires the response time faheck-

refined response times and the tool will update the imemaIDassWi to be less than 470ms, while théser Manager
model representation and tag the treated characteristes: as eprovides a response time f(nrhe’ckPassWi of less than

fined. This is Step 3 from Sect. 2. Figure 5 shows what th 400ms. Analysis can conclude that the offered response time
screen could look like after these two steps. It shows the

two component$i deoSer ver andUser Manager , their 2 i ne is the name given to the context model by the measure-
used and provided interfaces, and the attached non-furattio ment designer (see Sect. 6.2). The line showing this name can be
constraints. Some of these have already been refined—thisidden from diagrams.
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value < 400 a model = fine

_ Target level of abstraction: [fine.ct: | Browse
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[RETL] | Description

© [lresponse_time1 [Time between the reception of a reguest and the sending of the corresponding respaonse
.|response_time2 |Time betwveen the reception of a request and the reception ofthe corresponding response

‘lresponse_time3 |Time hetween the sending of a request and the sending of the corresponding response.

. lresponse_time4 [Time between the sending of a request and the reception of the corresponding respanse

Fig. 5 Sample screen shot

constraint is stronger than the required constraint. Tthes, [22]. This concept can be extended to provide non-functiona

two components can safely be plugged together. properties of communication (cf., e.g., [9,16, 35]). In eur
After a refinement of the response time, the situationample, we might model the container-induced delay for com-

may well be different. For example, the application de- munication to be 50ms. Given this additional informatidre, t

signer may have chosen variation 4 (cf. Fig. 4) for refin-analysis tool should then be able to conclude that the two

ing response time ivi deoSer ver and variation 1 for components can safely be used together. This concludes Step

User Manager . This corresponds to the principle of local- 4 as described in Sect. 2.

ity in component-based software engineering: no component In order to allow the application developer to concentrate

specification makes constraining statements about amythinon the business logic of his application, it seems reasertabl

beyond its own boundaries. provide him with a library of connectors for different asfgec
Trying to analyse whether these two components can coof the contginer and of distributio.n. !—Ie would simply selegt

operate yields no result as the two variations cannot be corr@" @ppropriate connector from this library—or build a chain

pared directly. This is not a shortcoming of the analysisyho ©f connectors to combine non-functional effects of différe

ever, but a lack of the model. The application designer need§onnectors like distribution and encryption—and plug ioint

to add information about the delay of the communicationnis model.

channel between the two components. In other words, the re-

finemgnt of the non-functional constraint prompts a refir_1e-4 The Measurement Designer's View

ment in the functional model: the designer needs to consider

aspects of the communication between the components.  In the previous section we have had a look at the application
Communication between components is modelled usinglesigner’s view. Now, let's have a look behind the scenes.

connectors in Architecture Description Languages (ADLSs)This is where the measurement designer has done his work to
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make handling of non-functional properties easy for the ap- quality _.characteristic responsetime (op: Operation)
plication designer. He has specified individual measurgésnen { , .
. + . domain: numeric real [0..) milliseconds;
using CQML", defined context models for each measure-
ment specification and level of abstraction, and performed values: op.invocations=>last().end — op.

. . i L invocations—=>last() . start;
transformations to provide measurement specificationg-atd s

ferent levels of abstraction. This corresponds to Step 1 i
Sect. 2.
Each CQML* specification—and in particular each def-
inition of a quality characteristic—is written relative tdat
in [1] is called a computational model. We prefer the term For each operation in a used interfag, (short for “srvice
context modelas it is really a model of the context of the emission”) contains events fired whenever a request for an
characteristic definition—that is, it comprises the eleraent operation call was issued by the calling compon&Rt(short
necessary for specifying the semantics of the charadterist for “service leception”) contains one event per result that
For each context model and each component model to beas received by the calling component. On the other hand,
used, there needs to exist a mapping relating the concepfser each operation in a provided interfa&R contains one
of the component model to concepts in the context modelevent per request received, aBH one event per result sent
For each concept of the component model (e.g., the concemtut from the called component. This context model is already
of component itself) we need to identify the concept in thevery close to Aagedal’s [1] computational model.
context model which represents it. To perform the interactive refinement described in Sect. 3,
As we have shown in Sect. 3, at different stages in thewe must specify the transformation between these two mod-
development cycle it is helpful to use characteristics éefin els. We need to say for each model element in the coarser
at different levels of abstraction. In order for this to bespo model which model element(s) it should be mapped to in the
sible, we need to define context models at all these level§éiner model. This can be specified using a transformation lan-
of abstraction. In effect, each context model represergs thguage based on XML [5]. The transformation language and
specification of a specific level of abstraction. This iseliff  algorithm will be explained in more detail in Sect. 5.
ent from what was proposed in [1], where one computational  After designing the finer context model and the trans-
model was used for every CQML specification, independenformations, the measurement designer who specified the re-
of level of abstraction. Instead, we use multiple contextimo sponse time characteristic in Listing 2 uses a transfoonati
els to represent different levels of abstraction. tool to apply the transformations to his specification of re-
Figures 6 and 7 show two examples of context modelssponse time, and to generate refined versions of response tim
Figure 6 shows a rather coarse—or more abstract—contexor the more detailed context model. Section 6.3 discusses i
model. All that one can talk about are components, intesiace detail the implementation of the transformation tool.
and operations on the static side and component instances Listing 3 shows two of the four resulting versions of re-
and operation calls between instances on the dynamic sidéponse timé& Note that the numbers appended to the charac-
For each operation it is possible to access the history of interistics’ names correspond to the numbers from Fig. 4. The
vocations of this operation. Each operation call conneets t relationship between the more abstract response time defin-
operations, one in the used interface of the calling compoition and the newly created refined versions is stored as an-
nent instancedal | er) and one in the provided interface other transformation in the transformation specificatiore-
of the called component instanaea] | ee). Although only ~ mains the task of the measurement designer to give a clear
structure is shown in the figure, each context model also hatextual explanation of the differences between the various
a behavioural aspect captured in a transition system. Thedsgpes of response time, so that they can be used easily by
specifications have been left out for lack of space. The tern@n application designer. Of course, the measurement dgsign
‘dynamic’ in the diagrams refers to classes of which instanc can also define additional measurements which could not be
are created in the course of executing the transition systendlefined at the higher level of abstraction. Furthermoreliapp
while ‘static’ refers to those classes whose instancesirema cation designers may require additional refinement pagtern
fixed over a complete run. which they could communicate back to the measurement de-
Simple as it is, this context model already allows us toSigner who would then provide the appropriate context mod-
define the response time of an operation. Listing 2 shows th€ls and transformation specifications.
corresponding CQML definition. Thedonmai n clause de-
fines response times to be real values given in milliseconds. ,
The val ues clause defines how response time values carP 1ne Transformation Language

be measured. It relates to the context model, using the sta[t . . .
. . : . n the previous section we explained that the measurement
and end time of an operation call, which are stored in the at-

. . designer specifies context models as well as the transforma-
tributesst art andend, respectively. . :
T ) . tions between them, and uses these transformations to-gener
The context model in Fig. 7 is much more detailed. It

. ; ate characteristic specifications at lower levels of abtta
represents a much lower level of abstraction. In particular

it contains event sequenc&& and SR for each operation. 4 The remaining two versions have been left out for lack of space.

I’]_isting 2 Abstract response time definition
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1 0..* | used_interfaces

Component 1 0. Operationalinterface Operation

provided_interfaces| +name:String

static 1 2
dynamic 0..* | invocations
0..* | instances OperationCall
Componentinstance 1 0.*
- | +end:Instant
caller +start:Instant
1| callee
0"*

Fig. 6 Abstract context model

1 0¥ ‘used_interfaces ‘——K‘/SE

Component | 4 0..+ | Operationalinterface Operation EventSequence
provided_interfaces| +name:String [ S
static 1 2
dynamic  o_*| instances Wl ) N
Componentinstance 0..*| invocations 0..
1 0..* |OperationCall Event
caller
1| callee +time:Instant
o0F
Fig. 7 More specialized context model
from specifications at higher levels of abstraction. In Heis- is used for features which are no longer present in the
tion we will look at the language used to describe the trans- finer model. For example the transformation definition
formations as well as at the actual transformation algorith on Line 8 defines expressions that can be used to deter-

We have defined an XML-based language for the spec- mine the value denoted by thet art attribute of the
ification of transformations between context models. It ex- Operati onCal | classifier in the coarse model. The
presses mappings between elements of a more abstract and a fact that there are two target expressions indicates that
more detailed context model. An excerpt from the transfor-  this aspect of the model has been enriched with informa-
mation descriptor for our two sample context models can be tion in the refinement.

seen in Listi_n_g 4._ the that some of the tgxt in the transfor- We are aware that there may be other types of transforma-

mation specification is OCL code. These pieces are code temy,, 1t 5o far all examples we have looked at could be suc-

D e s o e o s s oo Gl i it these two e, When varstoming

. i . ) the specification of a characteristic, the transformatami t

ial mappings, giving only the mapping f@”PO”em as pplies the transformations described by eachnsf or m

an example_. It can be seen that we distinguish two kinds o ag to each usage of the element/feature specified by a#ribu

transformations: el enent in the specification of the characteristic. Because

1. Classifier transformationgcf. Line 2 in Listing 4) which  there is some indeterminism in the mappings, the transforma
are essentially type replacements. tion will result in more than one version of response time. In

2. Feature transformationhich replace features—such as, one generated version the choice of target expression raust b
attributes, navigations, or operation calls—from the moreconsistent for every r ansf or mtag. Multiple occurrences
abstract model with expressions in the finer model. Theof a feature in the original expression must be replaced &y th
measurement designer specifies expressions determinirgame expression in the refined version.
the value of features from the coarser context model in  There is some difference in the way classifier and feature
terms of the elements of the finer context model. Thistransformations are handled. While classifier transforomati
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— Time between receipt of request and sending of

<refinementxform from="coarse.xmi” to="fine .xmi>

response <transform classifier="Component’
quality _.characteristic responsetimel (op: Operation <target classifier="Component?/
) { </transform>
domain: numeric real [0..) milliseconds; 5
5 values: — The following has been substituted for
— op.invocations>last().end <transform feature="OperationCall::start” ownerRef
(let opl : Operation ="owner”>
= op.invocations>last() <targetexpressiop
.operation 10 let op : Operation
10 —>select ( = owner.operationr>select (
operationallnterface operationallnterface
.component .component
.provided.interfaces .provided.interfaces
—>contains ( —>contains (operationallnterface)
operationallnterface) 15 )
15 ) in
in op.SR>last () .time ()
opl.SE>last().time()) — <l/targetexpressiop
— The following has been substituted for <targetexpressiop
— op.invocations=>last(). start 20 let op : Operation
20 (let opl : Operation = owner.operatior>select (
= op.invocations>last() operationallnterface
.operation .component
—>select ( .usedinterfaces
operationallnterface —>contains (operationallnterface)
25 .component 25 )
.provided.interfaces in
—>contains ( op.SE>last () .time ()
operationallnterface) </targetexpressiop
) </transform>
in 30
30 opl.SR>last().time()); <transform feature="OperationCall::end” ownerRef="
} owner”>
<targetexpressiop
let op : Operation
= owner.operatiop>select (
35 — Time between sending of request and receipt of operationallnterface
response 35 .component
quality _.characteristic responsetime4 (op: Operation .provided.interfaces
) { —>contains (operationallnterface)
domain: numeric real [0..) milliseconds; )
in
values: — The following has been substituted for 40 op.SE>last () . time ()
40 — op.invocations=>last().end </targetexpressiop
(let opl : Operation <targetexpressiop
= op.invocations>last() let op : Operation
.operation = owner.operatiop>select (
—>select ( operationallnterface
45 operationallnterface 45 .component
.component .usedinterfaces
.usedinterfaces —>contains (operationallnterface)
—>contains ( )
operationallnterface) in
) 50 op.SR>last () .time ()

50 in
opl.SR>last().time()) —
— The following has been substituted for
— op.invocations=>last(). start
(let opl : Operation
55 = op.invocations>last()
.operation
—>select (
operationallnterface
.component
60 .usedinterfaces
—>contains (

<ltargetexpressiop
</transform>
</refinementxform>

Listing 4 Sample transformation descriptor. The XML code has
been slightly simplified to enhance readability

operationalinterface)  are simple replacements of types by another type, feature
. ) transformations require some more work: Here the transfor-
Inopl-SEf>Iast() -time()); mation rule defines a template expression that is to be substi
65 } tuted for the expression referencing the feature. Eachesxpr
sion referencing some feature has the general fonmer .
f eat ur e, whereowner can be any expression ah@a-
t ur e is the name of a feature. During the transformation, the
owner part of this expression is inserted into the targetes¢p
sion at the places indicated by the identifier declared thée t
owner Ref (see Line 8 of Listing 4) before the whole ex-
pression is substituted. Another issue to be taken intoidons
eration is unigueness of names. Names defined in the target

Listing 3 Refined versions of response time definition
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expression template may clash with names defined or visithe Java Metadata Interfaces standard (JMI) [10]. We have
ble in the expression that is being transformed. To avoiti suc developed a MOF-based meta-model for CQMland gen-
clashes, all names definedliet -statements in the target ex- erated an MDR repository from this meta-model. A CQML
pression template are appended the smallest positive numbparser reads CQML specifications in plain text and trans-
that makes them unique. forms them into instances of the abstract syntax in the repos
The response time specifications in Listing 3 have beeritory.

generated from the definition in Listing 2 using the algarith The following subsections first discuss the structure of
and the sample transformation descriptor above. The nuambethe repository, and then in turn look more closely at thestool
correspond to Fig. 4. Note how tis¢ art andend expres-  provided to the measurement designer and the application de
sions have been replaced by the corresponding target expresigner. The component test container is not treated in s p
sions. All combinations of target expressions have beed Useper; [24] exp|ains some of the required concepts and present

in generation. However, to save space, only the two most img prototype based on Enterprise Java Beans (EJB) compo-
portant versions have been included in this paper. nents.

6 A Toolkit for the Specification and Refinement of
Non-functional Properties 6.1 A Meta-model for CQML

Specification of non-functional properties of applicatgys-

tems is CompleX and error-prone. It is therefore deSirabl%ecause we are using a meta-model-based repository frame-
to provide tool support to the application developer and theyork, we needed a meta-model for non-functional specifica-
other roles participating in the development of an applica-tions. This meta-model is comparatively complex, because i
tion. In this section, we present a toolkit which suppores th supports the complete range of CQWHspecificationS' and
specification concepts we have been discussing so far. additionally provides ways of structuring specifications’s

We require the tool to provide support for all roles in the that they are easily accessible for application develofdrs
development process. At the same time, we want to be able tRytter structures are not relevant in the context of thisepap
provide tailor-made support for each role, and to be flexibleHence, we will not discuss them in further detail. Large part
to add further functionality as our research progresses. Wef the meta-model have originally been developed in [39].
have therefore chosen to create a kit of largely independenidditional work has been performed in [4, 23].

tools, which interoper_ate using a common repository. Fig- The meta-model is composed of four packages, which
ure 8 sh.ow.s an overview of the toolkit we have realised 0., pe seen in Fig. 9. Context models are represented by
far. The individual tools are as follows: instances of the classes in thent ext model s package.
Measurement Workbench: a tool supporting the definition ofBuilding on this, theappl i cat i onnodel s package pro-
new measurements, as well as their classification into taxvides model elements for the connection to actual apptinati
onomies of non-functional properties, by the measure-models. Actual CQML" specifications are represented as in-
ment designer. This classification can be used to simplifystances of the elements@gn P. Finally, themanagemnent
search and retrieval later on. package contains classes for the hierarchical classditafi
Measurement Transformation Engine: a tool supporting theneasurements, and the representation of refinements.

refinement of measurements as described in the previous Figure 10 shows the key classes of the CQMineta-
section. model. All first-class elements are instances of sub-ckasse
Component Test Container: a tool for component developergf Mbdel El enent . These are: categories, profiles, resource
which can be used to determine the non-functional propspecifications, quality statements, and quality charesties.
erties of actual component implementations. For the purposes of this paper, the quality characteristies
CASE Tool Integration for Application Development: This the most interesting. They are composed from an invariant,
is the COUnterpart to the measurement workbench and thﬁ domain clause, deﬁning the type’ and a values clause giv_
transformation engine. It provides access to the measuregng the semantics in the form of an OCL expression. Most
ments previously defined by the measurement designesf these elements can be seen in their concrete syntax in the
to the application designer, and enables him to use thesgxample Listing 2. OCL expressions are stored in the repos-
measurements to constrain models of the application unitory as instances of a slightly adjusted version of the OCL
der development. 2.0 meta-model. These adjustments where necessary, becaus

Al tools interact using a centraheasurement repositgry OCL as itis used in CQML does not refer directly to UML
which contains both the CQMt_specifications and some ad- models, but to context models, instead. Every model element
ditional information to simplify search and retrieval of me  Provides an operatioappl y (v: Visitor) which can
surements. This repository has been developed using the Nete used to add functionality to the meta-model by implement-
beans Metadata Repository (MDR) [21], which is a reposi-ing additional visitors [11].
tory generation and management engine based on meta-mod- Context models are represented in a separate package of
elling [8], the OMG’s Meta-Object Facility (MOF) [28], and the meta-model. Figure 11 shows the key classes of this pack-
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CASE-Tool Integration for
Application Development

Application Designer

{ Measurement Workbench J
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Measurement
Transformation Engine Component Test Container
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Fig. 8 Overview of theCoMQUAD toolkit
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Fig. 9 Packages of the measurement meta-model
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?I cestor

Fig. 10 Core classes of the CQMLmeta-model

age® Each context model has its own instance&oht ext - Figs. 6 and 7. Context model elements may be connected

Model , which serves to bundle all context model elementsthrough generalisations (not shown in the figureAsso-

and associations in this context model. Each characteristici at i ons. Context model elements, like classes in UML,

has a link to its context model. The actual elements of a conhave features, which can be callable features. Callable fea

text model are all instances 6bnt ext Mbdel El ement — tures are operations on meta-model elements that can be used

we have used class boxes in the example context models iftom characteristic definitions. They should not be confuse

. ) _ with business operations, which are application specific. A
We only show the classes modelling the static parts of the congpyample for a callable context model feature is an operation

text model. _The dynamic part requires additional structures for 'tsevent sl nRange (tine: int) definedorEvent Se-
representation.
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guence, which counts the number of events in the laistre context model meta-model shown in Fig. 11 when the mea-
milliseconds. Features haveTgpe, which can be another surement designer imports the context model using the-corre
context model element. In addition to context model ele-sponding menu option. Table 1 shows how the UML concepts
ments, types can also be the standard primitive types. are translated. The table completely lists all conceptsgec
Figure 12 summarises how a CQMLspecification is  nised by the measurement workbench. All other contents of
represented in the meta-model. The figure is only a conthe context model—in particular the dynamic specification—
ceptual overview, there are actually some more classes imre ignored.
volved, but we have abstracted from these for the sake of Now the measurement designer can add new measure-
clarity. The left side of the figure shows the abstract syofax ments by selecting ‘New Characteristic’ from the ‘Charac-
the actual CQML specification, beginning with th@éhar - teristics’ menu. This opens the dialogue window in Fig. 14
acteri stic, which is being used in th8t at emrent to where the measurement designer can enter all information
formulate constraints over measurements. Theses statememegarding the new measurement. The top compartment con-
are then invoked (usingt at enent Cal | instances) froma tains information which is used to classify the measurement
Prof i | e to bind the constraints to a speciffonponent . for later retrieval. Based on work reported in [15,20,37] we
Components are referenced by their corresponémgl i - have defined a set of generic dimensions that can be used to
cati onMbdel El ement, which is a view on the func- characterise measurements. We plan to report on this charac
tional application model. Formal parameters of charasteri terisation in another publication. In the second compantme
tics (and statements) referenc€ant ext Model El enent the measurement designer enters an intuitive descripsipn ¢
as theirType, current parameters reference Appl i ca- turing the meaning of the measurement in terms understand-
ti onMvbdel El ement as theirVal ue. Looking at this sce-  able by the application designer. It is this descriptiort tha
nario from the perspective of functional specification gsin application designer will use mainly to decide for a measure
UML, we find that the context model layer roughly corre- ment to use when specifying the non-functional propertfes o
sponds to the M2 layer of the functional specification (i.e., his application. The next section is where the measurement
the UML meta-model), and that the application model layerdesigner puts the complete CQMtspecification of the mea-
roughly corresponds to the M1 layer (i.e., the actual UML surement. Last but not least, the measurement designer se-
application model). This means that the CQMEpecifica-  lects the context model relative to which he has defined the
tion bridges meta-model layers. Indeed, this is not an issueneasurement. Once the measurement designer has finished
that arises because of our specific way of modelling the abentering the definition of the new measurement, he is ready
stract syntax of CQML:, but it rather is a general issue with to store the information in the repository. Instead of enter
languages like CQML. Because they want to support the ing each measurement via the graphical user interface, the
definition of new measurements in the language itself, theymeasurement designer can also describe them in an XML file
need to provide access to the M2 layer. Because they war{based on a simple DTD we defined) and have the measure-
to support constraints on actual models, they need access tnent workbench read in this script. This is particularly -con
the M1 layer. This mixing of meta-levels considerably addsvenient when large amounts of measurement specifications
to the complexity of a CQML specification. The new role of must be put into the repository.
measurement designeolves this problem by separating the
usage of the two meta-modelling layers, without compromis-

ing the flexibility of the language. 6.3 Supporting Transformation: The Measurement
Transformation Engine

6.2 Supporting the Measurement Designer: The

Now, | i how w rt the transformation of
Measurement Workbench ow, let us discuss ho € suppo

measurements described in previous sections of this paper.
o ) ] We have implemented the measurement transformation en-
To support theneasurement designer creating and main-  yine 4 tool physically integrated into the measuremenkwor

taining libraries of measurements, we developediasure-  ponch to allow the measurement designer to perform mea-
ment workbenctg tool based on the repository structures pre-g;rament transformations. We will begin by examining the
sented in the previous section. Figure 13 shows a screen shot

of the measurement workbench’s central dialogue. The dia-

logue shows a structured overview of the measurement reposable 1 Mapping of UML concepts to context model meta-
itory in the left tree panel. On selection of a measurementglements as performed by the measurement workbench when im-
corresponding information are displayed in the right pane. porting context model definitions

To add a new measurement, the measurement designer UML Concept | Context Model Meta-Element
first needs to provide to the tool the context model to be used. d ass Cont ext Model El enent
The measurement designer can use an arbitrary case tool to Attribute Feat ure
design a UML representation of the context model, which he Qper ati on Cal | abl eFeat ure
then saves as an XMl file. The measurement workbench au- Associ ation | Associ ation

tomatically recodes the context model into an instanceef th
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ContextModel FormalParameter CallableFeature
Type Feature

f

Association |1 1 [ContextModelElement
source

T] 1| target
Fig. 11 The meta-model for context models
Spg;'ﬂ;é?gfxgggﬁgiiem 0..* |CamlP.FormalParameter 1 |contextmodels.Type
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1/formalparm A
SpecializableModelElement ~ContextModelElement
CgmlP.Statement
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CgmlP.StatementCall 0..*|CamlP.CurrentParameter 1 |applicationmodels.Value ...ApplicationModelElement
o——> <—
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1 |applicationmodels.Component
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CqmlP.Profile
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Fig. 12 Elements for the complete specification. It can be seen that specificatifamence elements from the context model (i.e., the
functional meta-modelling layer) as well as the application model level the functional model layer). The dashed line indicates the
boundary between these meta-modelling layers

steps the measurement designer performs to transform a megrget context model and transformation descriptor, and fi-
surement. Further on, we will discuss some aspects of the imaally starts the transformation.
plementation of the transformation. What happens behind the scenes, when the measurement
designer starts the transformation? First, the transfiioma
To perform the response time transformation, the megdescriptor is read into the workbench and represented-inter

surement designer must first enter the abstract measuremeffelly @S an instance of a simple transformation description

definition from Listing 2. As discussed above, he needs tgneta-model. The OCL parts (i.e., the target expressions of

load the context model in Fig. 6 into the workbench and then{€ature transformations) are parsed into instances of Gie O

add the measurement definition, making sure it is connected 0 Meta-model using the Dresden OCL toolkit pet$ed]

to the context quEI NSt loaded. Next, he loads the new con- For technical reasons this is currently only partly true. At the
text model (cf. Fig. 7) into the workbench, and then uses th&ime of writing this paper, the OCL 2.0 parser of the toolkit is in the
‘Transform’ option from the ‘Transformations’ menu to de- |ast throes of development. We are currently using an older version
fine the transformation. This opens another dialogue wheref the parser, which parses OCL 1.x expressions and createscabstra
the measurement designer selects the source measuremesyntax trees. We are, however, planning to switch to the new parser
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and checked for type correctness against the target meta-m&equirement diagrams for the description of non-functiona
del. The actual transformation is then performed by a set requirements of an implementation of a component spec-
of visitors (see Fig. 15), which we use to traverse the ab- ification,

stract syntax graphs representing the original specifinati Assembly diagrams for describing the connections between
and the transformation descriptor and to incrementallydbui components forming an application system.

the transformation result. Just as there are differenttidpc-

uments, there also exist different visitors, one for eaple tyf . . ) ) )
input: TheTr ansf or mati onVi si t or is used to extract Both the implementation diagram and the requirement di-

the target expressions from the transformation descriatat ~ @gramare used to.specify non-functionaI. prqperties.ofphe a
to manage alternative transformations for the same sourcBlication. As mentioned before, the application desigreer ¢
element. TheChar act eri sti cVi si t or walks through ~ US€ the |nf(_)rmat|0n about non-functional r_neasurements pre
the complete measurement definition and extracts the hdivi Viously defined by the measurement designer and placed in
ual parts to be transformed. It usBELVi si t or instances Fhe measurement repository. To this end, we provide a search
to actually transform OCL expressions. Finally, Bear - |n.terface as part of our workbench. It provides several re-
acteristicGenerationVisitor goes over all the re- trieval strategies and is responsible for their coordaraéind
sulting fragments and composes them into the resulting megfxecution.
surement definition(s). The second main part of theomQuUAD CASE tool is
Determining when the same alternative must be used ithe model layer. Here, we have to distinguish between func-
transforming two subterms and when different alternativestional and non-functional model elements. Functional ele-
may be used can be rather difficult. The objective is to eniments model a specific functionality whereas non-functiona
sure that references to the same object in terms of the abstraelements describe non-functional properties of the medell
context model will be transformed to references to the samdunctionality. To realise the functional model, we reuse th
object in the refined context model. Because to perform thilNSUML-based API [25] provided in the RcoUML project.
analysis in full is prohibitively complex, we perform angly ~ To support non-functional model elements we integrated the
on the type level only; that is, for one transformation resul measurement repository which was developed using MDR.
we transform references to the same feature using the sameRGoOUML can only display model elements defined in
target expression alternative. NSUML. To overcome this and to connect the two reposito-
ries, we defined proxy elements working as adapters. So we
) o ] are able to visualize the non-functional elements defined on
6.4 Supporting the Application Designer: CASE Tool the MDR-side of the repository. In addition, we need a del-
Integration egate mechanism in the other direction. Application model
elements have a delegate association to a NSUML model ele-

T_he gppllcatlon designer's task is to prowde a sufficieetsp ment to realize the connection between CQMipecification
ification of software systems. For this, he needs tool suppor o
and application model.

for the design of non-functional system aspects, as well as
functional aspects. As an example, we have extended A Finally, we will have a look on the mapping between the
GoUML [3] to provide the means for modelling non-function- graphical model elements and the internal model representa
al properties using the concepts explained in this papérign ~ tion. Let us take our example. Imagine, the application de-
section we will describe the application designer’s viewhef ~ SIgner wants to constrain an operation of a component port
measurement repository and we will also have a closer looRvith @ response time less than 500 ms. For this, we provide
at the interaction between the internal model represemtati &N appropriate menu option for placing new constraints on a
and the graphical notation used by the application designer diagram. When the application designer selects this opgion,
As shown in Fig. 16 we use a layered architecture to sepdialogue opens and he is able to search in the measurement
arate the graphical interpretation and the internal rep s repository for a characteristic matching his query. In age
tion of our model elements. The graphic layer provides theh€ Selects esponse.ti me. The tool will then draw the
user interface. Designing non-functional aspects of appli graphical element as seen in Table 2 with the value set to
tions is a complex task, which is best approached from differ Z€r0- The application designer can now enter the apprepriat

ent viewpoints. The application designer can choose betweeValue and select<” as the comparison relation. Last he has
different types of diagrams: to connect the constraint to the selected port and select the

o i o ] o appropriate operation. Internally, the repository transis

Speglf!catlon diagrams for specifying the functionalityref  {his model element to the CQMLcode in the second col-

dividual components, - umn of Table 2. To actually store it in the repository struetu
Implementation diagrams for the specification of functiona e code is mapped to our meta-model. The CGMiefini-

and non-functional properties of componentimplementatjon, of ther esponse_t i me measurement is taken directly

tions, from the measurement repository. The association between
when it becomes available. For the sake of clarity, we have chosef1€ non-functional and the functional model element defines
to represent the algorithm as though it already used the OCL 2.6he business operation and the port to which the constisint i
abstract syntax format. applied. This can be seen in the second row of Table 2.




16 Simone Rttger, Steffen Zschaler
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Fig. 15 Visitors used in the transformation of measurements. Abstract syraghg(ASG) of OCL blocks from the measurement definition
are translated using the ASGs from the target expression definitions
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Fig. 16 Architecture of theaComMQUAD CASE tool (Development based orr&0UML)

7 Related Work approach is that we use context models at different levels of
abstraction, while all work in VEST is tied directly to the
VEST [38] is a design toolkit for component-based Systemscorpponent mode_l prqvided by the target environment (Boe-
; . ) Ing’s Bold Stroke in this case).
which focuses on non-functional properties. It uses an ex-
tended notion of aspects [18] to alloen-bloc modifica- Model-Driven Architecture (MDA) [19] is an important
tions to the non-functional specifications of individuahto  current development driven mainly by the Object Manage-
ponents, thus effecting changes to the global non-funation ment Group (OMG). Transformation between models is at
specification of a system. Our work does not use aspects, athe heart of this technology. Our work fits well into this larg
though they could probably be combined with our approachyview, although to the best of our knowledge we are the first to

The major difference between our approach and the VESTpply model transformations to measurement refinement. The
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Table 2 Mapping of graphical model elements to CQNIL
Graphical Model Element | CQML ™ Code

<<characteristic>>
response_time quality GeneratedStmtID
value<500 (op: Operation) {
responsetime(op) < 500;
}
<<characteristic>>
response_time
value<500
? profile GeneratedProfilelD
i [for op]

for ComponentName{
provides GeneratedStmtiD(op);

}

new Query/Views/Transformations specification for which ato our notion of structural refinement. The use of the NFR
request for proposals [26] has been issued by the OMG wilframework leads to an analysis of different non-functional
be of great importance for our work. We can use the con+equirements and how they depend on each other at the de-
cept of views to relate context models and application mod=sign level. It leaves open, how these requirements can be
els, and we can use the transformation technologies defined eichieved by an application. Our approach, in contrast,-is fo
simplify the implementation of our transformation toolnsi  cused on modelling non-functional properties at desigre tim
monds et al. [36] describe an MDA technology for the cre-and, thus, on the realisation of specific non-functionappro
ation of QoS-aware applications. The main focus is on theerties through a specific application design.
transformation of application models and weaving-in of-non
functional aspects. Refinement of non-functional specifica
tions is not considered. CoSMIC [12] is an MDA tool suite 8 Conclusions and Open Questions
for supporting model-driven middleware. The tool supports
only application development, deployment and configuratio Non-functional properties must be considered througHuait t
but no refinement of non-functional models. development cycle of an application system. The applinatio
QCCS [34] describes a methodology for the develop-designer creates, and thinks about, functional modelsfat di
ment of contract-aware components. This methodology covferent levels of abstraction. He should be able to do so with
ers only the application design. Our refinement step can b@on-functional models, too. We have introduced the concept
used both in requirements analysis and application dekign. of explicitly defined context models of measurements which
is embedded in a process which reckons with non-functionaéxplicitly capture the level of abstraction of a measuretmen
properties from requirements to code [2,13]. QCCS also proAdditionally, we enable tool support for the refinement of
vides UML model transformation based on aspect-orientechon-functional specifications by requiring the measuregmen
design [17]. The authors of [34] propose to weave non-designer to define transformations between context models
functional constraints and functional aspects at apptinat and applying them to measurement definitions. We have dis-
modelling time. In contrast, our methodology keeps non-cussed the way such transformations are specified and ex-
functional and functional aspects separate until implamen plained in detail the structure of a prototype implementa-
tion time. tion of a tool kit supporting application and measurement de
Another systematic approach to deal with non-functionalsigner.
system requirements (NFR) is the NFR framework [7]. It  Furthermore, we have outlined a software development
proposes a modelling framework for non-functional require process which separates the roles of measurement designer
ments inspired by the UML. NFRs are decomposed into suband application designer. It is the measurement designer’s
requirements (so-callesbftgoal$ following different crite-  responsibility to specify measurements, context modeds an
ria: by type or by topic. An example for decomposition by transformations between context models, all of which can
type is the splitting of performance of a system into time-then be used by the application designer when developing an
performance and space-performance. Decomposition by typapplication. Thus, the application designer is free to $oou
is thus similar to our classification of non-functional peop  the business logic.
ties. In contrast, decomposition by topic means that the-fun The refinement process prompts for decisions when they
tional system is decomposed into different components andre needed. We have indicated two points where this hap-
the non-functional requirement for the whole system is nowpens: a) in the actual refinement step, where the application
required to hold for some or all components. This is similardesigner needs to choose between different refinements of a
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measurement, and b) after a refinement has taken place, when.
the analysis tool cannot compare constraints on different r
finements. In the latter case, the application designeialst
need to refine the functional model by making explicit the °:
effect caused by communication between components. We
have shown how connectors can be used to model this. Defin-
ing these connectors, building libraries, and integratime
connectors into application models is still a researchessu
although some approaches can be found in the literature. Oney,
important question, among others, is whether the usage of
connectors we have sketched for response time also works for
characteristics which are not time-related. On a more ggner 8.
note, we would like to propose the interaction of refinements
to the functional and the non-functional model as an interes
ing research area.

It is important to point out, that, although we have ex-
plained our approach with two context models only, it is in-

tended to be generic. For any one measurement there coulg,

be any number of context models and, correspondingly, any
number of different levels of abstraction. How this largemu

ber of models can be managed in a way that further reducel.

the complexity for the application designer and makes choos
ing the next model for refinement easy, is an area for further
research.
In this paper we have proposed an approach for the re-
finement of non-functional properties at the modelling leve
Before this approach can be called practical, further studi
are required: (1) we need to study more examples to improve

our understanding of the limitations and capabilities af th 13.

approach; some related issues have been discussed in [40],
(2) we need to provide support for the measurement designer
in purge unneeded or meaningless generated refinements; one
idea would be to specify dependencies between individua&4
feature refinements so that certain combinations are exdlud
a priori, and of course (3) we need to perform an extensive
case study to prove the applicability and practical gainwf o
approach.

This paper has focused on measurement refinement. An-

other important research topic is structural refinement. Wel5.

plan to investigate this in our future work.

16.
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