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Abstract—Model-driven development (MDD) is an emerging of components are met by target nodes where components
paradigm that uses domain-speci ¢ modeling languages (DSMLs) are deployed, and (5) validate the selected con guratioth an
and generative technologies to provide “correct-by-construion” deployment satis es end-to-end QoS requirements. The lack

capabilities for many software development activities. This paper . L S .
provides two contributions to the study of applying MDD to of simpli cation and automation in resolving these chaties

distributed real-time and embedded (DRE) systems that use Can signicantly hinder the effective transition to — andopel
standards-based quality of service (QoS)-enabled componenttion of — component middleware technology to develop DRE
middleware. First, it describes an MDD toolsuite calledCom-  systems.

ponent Synthesis using Model-Integrated Computif@oSMIC), g4 tion approach! Model-driven development and val-

which is a collection of DSMLs and generative tools that support .~ .
the development, con guration, deployment, and validation of idation of component-based DRE systemsTo address the

component-based DRE systems. Second, it describes how wéleeds of DRE system developers outlined above, we have de-
have applied CoSMIC to an avionics mission computing appli- veloped an open-source model-driven development (MDD) [4]
cation to resolve key component-based DRE system developmentigolsuite calledComponent Synthesis using Model Integrated
challenges. Our results show that the design-, deployment- and Computing (CoSMIC) [5]_1 CoSMIC is an integrated col-

quality assurance (QA)-time capabilities provided by the DSMLs . ; . .
and generative capabilities in COSMIC help to eliminate key €ction of domain-speci c modeling languages (DSMLs) and

complexities associated with specifying packaging, con guring, generative tools that support the development, con garati
validating, and deploying QoS-enabled component middleware deployment, and validation of component-based DRE systems
applications in the DRE systems domain.
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I. INTRODUCTION

Emerging trends and challengesReusable software compo-
nents and standards-based component models are incigasing
being used to develop large-scale distributed real-time a
embedded (DRE) systems [1]-[3]. This trend provides ma
advantages compared with earlier forms of DRE infrastru
ture software. For example, components provide highestlev
abstractions than operating systems, third-generatiogram-

ming languages, and earlier generations of middleward) suc
as distributed object computing (DOC) middleware. In par-
ticular, component middleware supports multiple views per
component, transparent navigation, greater extengibélitd a
higher-level execution environment based on containeng;hw

alleviate many limitations of prior middleware technolegi . _
The additional capabilities of component-based platforms The MDD tools provided by CoSMIC address key activities

however, also introduce new complexities associated with developing and validating component-based DRE systems

composing and deploying DRE systems using componen??,own in Figure 1 and described below:

including the need to (1) design consistent component-inter Interface specication — De ning and partitioning of

face de nitions, (2) validate interactions between comguts application functionality as standalone components,

and generate valid component deployment descriptors, (3) Interconnection specication and validation — Com-

con gure application components and the underlying mid-  Posing the application from individual components by

dleware and platform correctly, (4) ensure that requirgsien  connecting them together and ensuring validity of these
interactions,
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Fig. 1. The CoSMIC MDD Toolsuite
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appropriate parameters to satisfy the functional and syechniques de ned by the OMG CCM [6] and Deployment
temic requirements of application, and Con guration (D&C) [11] speci cations. Moreover, CIAO
Planning — Making appropriate deployment decisionsintegrates the CCM capabilities outlined above with TAO's
including identifying the entities (such as CPUSs) of th&eal-time CORBA [10] features, such as thread-pools, lanes
target environment where the packages will be deployeahd client-propagated and server-declared policies.

QoS assurance— Runtime validation of desired QoS This section describes a CIAO-based avionics DRE appli-
properties, as well as recon guration and resource maaation that implements thBasic Single ProcessdBasicSP
agement to maintain end-to-end QoS. scenario from the Boeing Bold Stroke component avionics

This paper describes how CoSMIC's integrated MDD tooMission computing project [1], which usespash event and
suite supportorrect-by-constructiortechniques for the de- Pull data publisher/subscriber communication paradigm [12]
sign, development, con guration, deployment, and valimtat atop a QoS-enabled component middleware platform. We use
of DRE systems by (1) providing expressive power equivaleH‘te BasicSPexample to showcase the problems encountered
to CORBA 3.x Interface De nition Language (IDL) in the With developing DRE systems using component middleware
speci cation of component interfaces, including impoxggert and motivate the need for the CoSMIC MDD tools. This
of IDL to/from PICML models, (2) implementing constraintsexample is available in the CoSMIC and CIAO releases
on the modeling of assemblies,g, ensuring certain ports of atwww.dre.vanderbilt.edu/cosmic andwww.dre.
components are always connected, and allowing connectidt@gderbilt.edu/CIAO , respectively.
only between compatible ports, (3) allowing the con guoati
of the underlyi_ng middleware on which the artifacts willy Applying QoS-enabled Component Middleware to a DRE
run, (4) modeling the deployment target at multiple 'evelﬁ\vionics System
of abstraction, including the hardware level (where nodes a i o ) o o
modeled), the communication level (where the intercormect 1he BasicSPapplication comprises four avionics mission
between the nodes are modeled), and the resource levelgwIR@MPUting components that periodically send GPS position
resources used by the nodes are modeled), and (5) em'ﬂﬁdgtes to a pl'lot and navigator cgckplt displays. .As 'shown
cally evaluating the performance implications of con qugi " Figure 2, aTimer component triggers &PSnavigation
the underlying middleware in a particular con guration an@€nSor component, which in turn publishes position infor-
deploying components on this middleware. mation to anAirframe  component. Upon receiving the
Paper organization: The remainder of this paper is organizedat@ availability event, théirframe ~ component pulls data
as follows: Section Il uses an avionics mission computif§®™ the GPS, and informsMav Display ~component. The
application as a representative example to describe com v_Display ~ component then updates the display by pulling
challenges associated with applying QoS-enabled componBfSition data from theAirframe  component. The system
middleware to DRE systems; Section Il shows how thgdUests new inputs from the GPS component at a rate of 20
CoSMIC DSMLs and generative tools help resolve these chhZ: and updates the display outputs with new aircraft parsiti
lenges and analyzes the results of experiments that eeahat data at a rate of 20 Hz. The latency between the mput_s to the
application of CoSMIC to our avionics application; Sectlh system and the output display should be less than a single 20

compares our work with other MDD tools that support DRE!Z frame.

systems; and Section V presents concluding remarks and©r the BasicSPscenario to satisfy the QoS requirement
summarizes lessons learned. of ensuring display refresh rate of 20 Hz, it is necessary

to examine the end-to-end critical path and con gure the
components appropriately. In particular, the latency leetw
the Airfframe  andNav_Display components needs to be
minimized. To achieve this goal, it is necessary to deteemin
Component middleware is systems software that enablbe appropriate con gurations for the individual compotsen
reusable service components to be composed, con guredd then validate these con gurations empirically to detiee
and installed to create applications rapidly and robustiihich one(s) satisfy the end-to-end QoS requirements.
Our work in this paper focuses on the CORBA Component Several characteristics of thgasicSPcomponents are im-
Model (CCM) [6], which is an OMG speci cation that stan-portant in determining the con guration space. For example
dardizes the development, con guration, and deployment tife Nav_Display component receives updates only from the
component-based applications. CCM uses CORBAs distriirframe  component and does not send messages back to
uted object computing (DOC) model [7] as its underlyinghe senderi.e, it just plays the role of a client. Likewise, the
architecture to avoid coupling application componentsryp aAirframe  component communicates with both t6&Sand
particular language or platform. the Nav_Display = components, playing the role of a peer,
In conjunction with colleagues at Washington Univerthough not concurrently processing requests since theteven
sity [8], we have developed th€omponent-Integrated ACE are handled sequentially.
ORB (CIAO) [9] CCM implementation. CIAO extends our In conjunction with colleagues at The Boeing Company [1]
previous work onThe ACE ORB(TAO) [10] by providing and Washington University [8], we have developed a prottyp
more powerful component-based abstractions using the-sped the BasicSPapplication described above using the CCM
cation, validation, packaging, con guration, and deptognt and Real-time CORBA capabilities provided by CIAO [9].

II. CHALLENGES OFAPPLYING QOS-ENABLED
COMPONENTMIDDLEWARE TO DRE SYSTEMS



INTERNATIONAL JOURNAL OF EMBEDDED SYSTEMS 3

The steps involved in developing this CIAO-basBdsicSP process using the standard OMG D&C [11] framework and
application are described below: tools. In the BasicSPexample, this activity involves using

1. Identify the components in the system and de ne their hand-written XML descriptors to deploy the application.
interfaces which involves de ning component ports and atb. Empirically validate the con guration and deployment,
tributes, using the CORBA 3.x IDL features provided by CCMwhich involves ensuring that the chosen component deploy-
In the BasicSPexample, the control and data interfaces for theent and middleware con gurations satisfy the system QoS.
Timer , GPS Airframe , Nav_Display components need In the BasicSPscenario, this activity involves ensuring that all
to be specied. The control signals are published as everiiser updates provided by th@PScomponent and delivered
using a “push-based” model and the data is consumed usingthe Nav_Display = component in a lossless manner. In
a “pull-based” model. This hybrid push/pull architectuse igeneral, addressing the QoS validation challenges of DRE
designed to minimize the execution dependencies in the Belgstems elded in a particular environment requires a suite
Stroke product-line architecture [13]. of benchmarking tests that are customized to the system's
2. De ne interactions between components and composerequirements and environment.

the BasicSP application which involves keeping track of
_the types of each components ports a_nd ensuring thatTtgg Challenges of Developing the BasicSP Application using
mterconnectgd cpmponents have matchlngl ports de ned. ®5S-enabled Component Middleware

BasicSPapplication is composed by selecting a set of com=®

ponent implementations from a library and generating XML The remainder of this section describes ve common chal-
deployment descriptors that contain connection inforamati lenges that arises when applications, sucBasicSPand our
between component instances. Figure 2 shows the comporfaffier work on unmanned air vehicle (UAV) applications]{15

interaction for the BasicSP example. This scenario begift€ developed using QoS-enabled CCM in the absence of
MDD tool support.

get_daia get_cata 1) Alleviating Complexities in Component Interface De ni-
J JJ J tion: The CORBA 3.x IDL used for CCM de nes extensions
¢ NAV DISP
9
»—

to the syntax and semantics of CORBA 2.x IDL. Developers of
CCM-based applications must therefore master the difte®n

AIRFRAME

T
o3

e i e between CORBA 2.x IDL and CORBA 3.x IDL. For example,
while CORBA 2.x interfaces can have multiple inheritance,
Fig. 2. TheBasicSPNavigation Display Example CCM components can have only a single parent, so equivalent

units of composition i(e., interfaces in CORBA 2.x and
with the GPSbeing time-triggered by the TAO ORB's Real-components in CCM) can have subtle semantic differences.
time Event Service [14], shown asTamer component. The Moreover, any component interface that needs to be accessed
pulse event from th&imer is received by theGPS which by component-unaware CORBA clients should be de ned as
is connected to th&imer component as aavent consumer a supportedinterface as opposed topovidedinterface.
The GPSgenerates its data and pushes a data available event tm any project that transitions from an object-orientecharc
the Airframe , which is also connected as awent consumer tecture to a component-based architecture, there is @ida
to the GPS TAO's Real-time Event Service then forwards thef simultaneous existence of simple CORBA objects and
event to theAirframe  component, which pulls the data usingnore sophisticated CCM components. Design of component
its receptacleconnected to th&sPS component, updates itsinterfaces must therefore be done carefully. For exampke, t
state, and pushes a data available event. The Event Seryigidrame components receives events from GBScompo-
forwards the event to thélav_Display component, which nent and sends events to thav_Display component. Since
in turn pulls the data through iteeceptaclefrom the GPS events are point-to-point, thairframe  component should
updates its state, and displays it. useemitsrather thanpublishes
3. Congure the QoS-enabled component middleware  2) Validating Component Interactions and Deployment De-
where the BasicSP components will runwhich involves scriptors: Even for DRE system developers well-versed in
con guring each of theTimer , Nav_Display , GPS§ and CORBA 3.x IDL, it is hard to keep track of components
Airframe  components. To ensure the refresh rate of 2¢hd their types using text-based IDL les, which provide
Hz required by the applications, it is necessary to con gungo visual feedback to identify differences between compo-
the middleware suitably. The problem, however, is that QoSents. Moreover, an IDL compiler will not be able to catch
enabled middleware, such as CIAO, provides scores of con grismatches in the port types of two components that are
uration options, so choosing the right set from these optiobonnected together since component connection informéatio
can be a daunting task. This problem is exacerbated by #het de ned in IDL. In addition to ensuring type compatibjlit
fact that not all combinations of options form a semanticallbetween interconnected component types as part of ineerfac
compatible set. de nition, component developers must also ensure the same
4. Deploy the BasicSP application onto its runtime plat- compatibility between instances of these component types i
form, which involves ensuring that the implementation artihe XML descriptor les needed for deployment. Ensuringsthi
facts and the associated deployment descriptors are laleailacompatibility is more problematic than ensuring type com-
on the actual target platform, and initiating the deploymepatibility since the number ofomponent instancetypically
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dwarfs the number otomponent type@ large-scale DRE the set of con guration options that maximizes the QoS
systems. attainable by the middleware. Unfortunately, the settitigs

A CCM assembly le, which is an XML le illustrating maximize performance for a particular group of platforms
component interconnections, is not well-suited to mandét e and applications may not be suitable for different ones. QoS
ing. In addition to learning IDL, DRE system developers musfalidation of the end system requires rigorous validatibthe
also learn XML to compose component-based DRE systendeployment plan and middleware con guration. This process
In our BasicSPexample, simply increasing the number ohistorically involves tedious and error-prone handcraftof
processors, or introducing sensors that operate at naittépes low-level source, benchmarking, build, and script les [16
increases the number of component instances and hence then example benchmarking test for thgasicSPapplica-
component interconnections. The increase in componestinttion could validate the con gurations of thidav_Display
connections often grows faster than the number of componenmponent. Similarly, measuring end-to-end latency veoas
instances. Any errors in this step are therefore likely to gmating timers from when th&PScomponent sends out its
undetected until the deployment of the system at run-time. position update to wheilav_Display component receives

3) Ensuring Suitable Middleware Con gurationsQoS- it, measures how con guration of all components affects-end
enabled component middleware provides a range of con gte-end latency. Tuning the components and middleware to
ration options that can be used to customize and tune the Qu8ximize QoS is hard without the ability to add timing
properties of the middleware. For example, the CIAO Qo$iformation and measure different metrics, such as latency
enabled middleware provides500 con guration options that throughput, or jitter.
can be used to tune its behavior [16]. DRE system developers
neeql to con gure ar_1d tune the performar_me of CIAO gt Summary of Challenges
multiple levels, including lower-level messaging and sjaort . .
mechanisms, the object request broker (ORB) itself, up to.A common theme underlymg.the evaluation of component
higher-level middleware services (such as event notiarati middleware challenges above is that errors and sources of

scheduling, and load balancing). This problem is eX(,jlcm.b‘,ﬂperformance overhead often go undetected until late in the
by the faét that not all combinations of options form evelopment cycle. Even when these errors and overheads are

semantically compatible set eventually detected, xing them often involves backtranckio

In our BasicSPapplication scenario, components playin§nUIIIple prlgr IllfeC)I/cIfe sftfeps,\/v./k;ch |mpedesfprodtr11§:y\|$‘ne?
role of a clientNav_Display do not require locking and ncreases the level of effort. Without support from hig

concurrency. Similarly, thairframe  component can disable;OOIS al‘;g Ct:ECh%g:Jes' the:efore, the ad\:ant%gdels of tiamsigy b
locking for both its client and server side roles. Fine-fgni rodm d si mi elwa_rreh 0 cobmpone.n mi deware Cr;r?e o€
middleware performance is key to ensuring applicationllev%e uced signi cant y. 1hese o .servat|ons uhderscore !
QoS is met. Errors in con guration can manifest in dif“feren'?ortance of enhancing design-time MDD tool support for DRE

forms. such as run-time crashes. unde ned behavior. or St€Ms built using component middleware, which incluties t
decreased QoS ' " importance of automating the con guration, validation,dan

4) Associating Components with the Proper Deploymeﬂ?ployment of DRE systems.
Target: In component-based systems there is often a dis-
connect between software implementation-related aietivit !!l- RESOLVING BASICSP APPLICATION CHALLENGES
and the actual target system since (1) the software adifact wiTH COSMIC
and the physical system are developed independently and (2Jhis section examines how features of CoSMIC's DSMLs
there is no way to associate these two entities using stdndand generative tools can be applied to address the chaflenge
component middleware features. This disconnect can redtifcussed in Section 1I-B that arise when developing QoS-
in run-time failures due to the target environment's lack afnabled component middleware-based DRE systems, such as
capabilities to support the deployed component's requareis  our BasicSPapplication, without MDD tool support. Figure 3
These mismatches can also often be a source of missed ogiscribes the sequence of activities involved in using th8-C
mization opportunities since knowledge of the target platf MIC MDD toolsuite to develop component-based DRE appli-
can help optimize component implementations and customizations. At the heart of CoSMIC is tléatform-Independent
the middleware accordingly. Component Modeling Language (PICML). PICML is a

In our BasicSPapplication, the components can all resid®SML that provides capabilities to handle complex companen
on a single processor and hence can use collocation fesilitengineering tasks, such as component interface spe@ati
provided by ORBs to eliminate unnecessary (de)marshalinglidation of component interactions, deployment plagnin
Without the ability to associate components with target®re and composition of application using hierarchical compune
due to incompatible component connections and incorrexssemblies. PICML assists component developers with the
XML descriptors are likely to show up only during systenpackagingand planning phases shown in Figure 1.
deployment at run-time. Another important DSML in CoSMIC is th®ptions Con-

5) Validating the QoS of the Selected Con guration andyuration Modeling Language (OCML), which simpli es
Deployment: QoS-enabled component middleware runs aie speci cation and validation of complex DRE middleware
a multitude of hardware, OS, and compiler platforms. DR&nd application con gurations. OCML provides (1) generic
system developers often use trial-and-error methods &xriselmodeling elements (such as numeric, boolean and string
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software artifacts in languages having a CORBA IDL
mapping.

IDL Files
petne s e pireard . . ,
i { @ " 'g Application to the BasicSP example scenaBy. modeling
ASS OC""L the BasicSPcomponents using PICML, the problems asso-
Developer H{'WE*"“ poman Bet ciated with multiple inheritance and semantics of IDL are
{Mmm.enages ;;;oggﬁe;u;;;g‘;;} agged at design time. By providing a visual environment
oL for de ning the interfaces, PICML therefore resolves many
roblems described in Section II-B.1 associated with de -
{ etne expermens } re ; tort - )
nition of compo .
i{mlwm} . <: _ ponent interfaces. In particular, by modeling
Applcaion QA Specialist the interface de nitions, PICML alleviates the need to miode
Developer Appiicaion a subset of interfaces for analysis purposes, which has the
Model/ Select }. {eizrﬁnz‘;s X
gzg';{;ggg fortt added advantage of preventing skew between the models of
interfaces used by analysis tools and the interface used in
Re' fine application Benchmal;king 1 | 1
o ® implementations.

B. Valid component interaction de nition and descriptomge

Fig. 3. Domain-Speci ¢ Modeling Languages in CoSMIC .
eration

PICML de nes the static semanticof a system using a
options) to represent different middleware options and (2pnstraint language and enforces these semantics eaite in t
generic constraint elements (such as rules) to captureroptdevelopment cyclei.e., at design-time. Static semantics refer
dependencies. OCML assists component developers in thethe “well-formedness” rules of the language. By elevgtin
con guration phase of developing component-based systenthe level of abstraction via MDD techniques, however, the
The Benchmark Generation Modeling Language corresponding well-formedness rules of DSMLs like PICML
(BGML) is a third DSML provided by CoSMIC to synthesizeactually capture semantic information, such as consgant
benchmarking testsuites that analyze the QoS performamcanposition of models, and constraints on allowed interac-
of OCML-con gured DRE systems. BGML can be used irtions.
the con guration phase to validate PICML assemblies and There is a signi cant difference in the early detection of
OCML con gurations. It can also be used in th@anning errors in the MDD paradigm compared with traditional object
phase to validate deployment plans (which map componeptiented or procedural development using a conventioral pr
to nodes) to provide feedback to developers as to whethegramming language compiler. In PICML, OCL constraints are
particular plan meets end-to-end QoS requirements or not.used to de ne the static semantics of the modeling language,
thereby disallowing invalid systems to be built using PICML
i.e, PICML enforces the correct-by-construction paradigm.
Application to the BasicSP example scenahiothe context
A set of component, interface, and other datatype de n#iorf our BasicSPapplication all the components can be mod-
may be created in PICML using either of the following twasled as a CCM assembly as shown in step 5 of Figure 3.
approaches shown in steps 1 and 2 of Figure 3: PICML enables the visual inspection of types of ports of
Adding to existing de nitions imported from IDL . In  components and the connection between compatible ports,
this approach, existing CORBA software systems can becluding agging error when attempting connection betwee
easily migrated to PICML using itlDL Importer, which incompatible ports. PICML also differentiates differeppés
takes any number of CORBA IDL les as input, mapof connections using visual cues, such as dotted lines and
their contents to the appropriate PICML model elementsolor, to quickly compare the structure of an assembly. By
and generates a single XML le that can be imported asfroviding a visual environment coupled with rules de ning
PICML model. This model can then be used as a startinglid constructs, PICML therefore resolves many problesis d
point for modeling assemblies and generating deploymestribed in Section 11-B.2 with ensuring consistent comptine
descriptors. interactions. By enforcing the constraints during creatis
Creating IDL de nitions from scratch . In this ap- component models and interconnections — and by disallowing
proach, PICML's graphical modeling environment proeonnections to be made between incompatible ports — PICML
vides support for designing the interfaces using an icompletely eliminates the manual effort required to perfor
tuitive “drag and drop” technique, making this procesthese kinds of checks.
largely self-explanatory and independent of platform- In addition to ensuring design-time integrity of systems
speci ¢ technical knowledge. Most of the grammaticabuilt using OCL constraints, PICML also generates the com-
details are implicit in the visual languageg, when the plete set of deployment descriptors that are needed as input
model editor screen is showing the “scope” of a de nito the component deployment mechanisms. Since the rules
tion, only icons representing legal members of that scopetermining valid assemblies are encoded into PICML via its
will be available for dragging and dropping. CORBA IDLmetamodel and enforced using constraints, PICML ensures
can be generated from PICML enabling generation tifiat the generated XML describes a valid system. Generation

A. Visual Component Interface De nition
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of XML is done in a programmatic fashion by writing a
Visitor  class that uses the Visitor pattern [17] to traverst
the elements of the model and generate XML. The generat
XML descriptors also ensure that the names associated w
instances are unique so that individual component insg&anc
can be identi ed unambiguously at run-time.

C. Con guration of QoS-enabled Component Middleware

The rst step in ensuring end-to-end QoS is to con gure
the component and the underlying middleware and platforr
appropriately. Component con guration is done via asstuig
Property  and Requirement elements with the com-
ponents. To ensure both syntactic and semantically corre
con guration of underlying middleware, PICML leverage®th
OCML tool. OCML de nes a type systenthat middleware
developers use to specify their platform-speci ¢ (in ousea
middleware) option space. Fig. 4. Middleware Con guration via OCML

As shown in step 3 of Figure ZFtandard con gurations
can be modeled via OCML and application developers can use ) o ) )
these con gurations specify the set of options that suiirthe OCML tool alleviates complexities associated with con g-
components. It also enforcatependency ruleshat prevent Uring component middleware by ensuring both gyntactic
application developers from choosing invalid combinagiorFOTectnessi.e., options re ecting actual middleware setting
of con guration sets that could result in incorrect/undech 2Nd (2)semantic validityi.e., eliminating inconsistent options.
behavior. ACon guration File Generato(CFG) application is O©CML €liminates incorrect and incompatible con gurations
developed for application developers to specify the apjst thus preventing unde_ned ano! mgorrect behavior at ruretl_m
set of option con gurations and validation of this set. OCML however, requires application developers to be famili

OCML has been applied to represent the options and dep¥fith the ORB con gurations though the documentation is
dencies of the CIAO QoS-enabled component middlegaxg. Provided to guide the con guration process.
shown in step 4 of Figure 3, PICML leverages OCML in the

following manner: D. Deployment Planning
The CFG for CIAO has been associated withple- To satisfy multiple QoS requirements, DRE systems are
mentationArtifact elements in the PICML model often deployed in heterogeneous execution environmewts. T

(these artifacts represent entities that are deployed ogtPport such environments, component middleware strives t
nodes, such as DLLs and shared objects). The CHE largely independent of the specic target environment in
populates the con guration attribute of each artifact masavhich application components will be deployed.

on the options chosen by app”cation deve|opers_ PICML can be used to Specify the target environment where
The OCML con guration exporter reads the informatiorfhe DRE system will be deployed, which includes de ning: (1)
in the con guration attribute and generates\a.conf nodes where the individual components and component pack-

le, which captures middleware con guration parametersages are loaded and used to instantiate those componénts, (2
The deployment infrastructure parses this le to con gurénterconnect@mong nodes to which inter-component software
the middleware appropriately. connections are mapped to allow the instantiated compsnent

Application to the BasicSP example scenahiothe context Fo communicate, a'nd (3)”.d gesamong !nterconnects, where
interconnects provide a direct connection between nodds an

of the BasicSPscenario, OCML can be used to congure . ) o )
the underlying middleware on which the components are rﬁlHdges to provide routing capability between intercongec

via the two step process described earlier. Figure 4 ibtissr odes, inFerconnects, and bridges collectively represeat
the CFG wizard that application developers interact with ggrget environment.

con gure theAirframe  component in théasicSPscenario. On.ce the target envm_)nment Is specied via PICML, al-
location of component instances onto nodes of the target

In determining the appropriate con guration of the middle- ¢ . ¢ b ¢ 4 Thi ity is refe
ware hosting this component, we require that this componéﬁfge environment can be periormed. This activity 1S '

interacts with both th&sPSand Nav_Display = components. to ascomponent placemenivhere systemic requirements of

This precludes the need for concurrency and locking Withme components are matched with capabilities of the target

this component. Using this information, application depeirs environment and suitable allocation decisions are made. Al
! ’ gcation can either be: (13tatic where the domain experts

select the middleware con guration. The CFG also displa;{( the functional and S . t of h of th
the documentation for each option. now the functional and QoS requirement of each of the
components, as well as knowledge about the nodes of the
2The OCML options as applied to CIAO are available from $COSt-arget environment. In such a CaSQ, _the job of the allocasion
MIC_ROOT/PSM/CCM/OCML directory in the CoSMIC distribution. to create a deployment plan comprising the compohentsde
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mapping speci ed by the domain expert, or B)namic where such as operations, return-types, latency, throughputiaret
the domain expert speci es the constraints on allocation efements that can be used to represent a generic operatéon or
resources at each node of the target environment, and the $elquence or operation steps and associate non-functiatl Q
of the allocation is to choose a suitable compohembde properties with them. BGML also providesorkload elements
mapping that meets both the functional and QoS requiremesnich as tasks and task-set can also be used to model and
of each of the components, as well as the constraints on gimulate background load present during the experimemtati
allocation of resources. process. These workload elements are then mapped to indi-
PICML currently provides facilities for specifying staticvidual platform speci c code in the interpretation process
allocation of components. Domain experts can visually mahown in step 8 of Figure 3.
the components with the respective target nodes, as well as
provide additional hints, such as whether the components
need to be process-collocated or host-collocated, prdvide
components are deployed in the same target node. PICML
generates a deployment plan from this information, which is
used by the CIAO run-time deployment engine to perform the
actual deployment of components to nodes.
Application to the BasicSP example scenahiothe context
of the BasicSPexample, PICML can be used to specify the
mapping between the component and the target environment.
By modeling the target environment in thH&asicSPexam-
ple using PICML, therefore, the problem with a disconnect
between components and the deployment target described in
Section 1I-B.4 can be resolved. In case there are multiple
possible componehtnode mappings, PICML can be used
to experiment with different combinations since it gener-
ates descriptors automatically. For exam@&Scomponents
might be mapped onto different types of navigation sensdfg. 5. QoS Validation via BGML
on the aircraft, each with different QoS properties unt# th
desired QoS is achieved. PICML thus eliminates the lowteve Application to the BasicSP example scenatiothe context

tedious, and error-prone manual effort involved in writiag Of the BasicSPexample, BGML can be used to measure
deployment plan. QoS (end-to-end latency) between when @RScomponent

publishes a position update and when tRav_Display
o component displays the image to the pilot. Below we describe

E. Validating System QoS how BGML in concert with OCML and PICML can be used

Addressing the QoS validation challenges of DRE sy#0 validate QoS for a chosen deployment plan and middleware
tems elded in a particular environment requires a suiteon guration.
of benchmarking tests that are customized to the system'sWe rst used the PICML MDD tool to model the BasicSP
environment. Moreover, these tests can also help validete PRE system scenario. This step rst involved importing the
deployment planj.e., provide a baseline or an estimate oBasicSP IDL les, de ning component types, and modeling
system performance such as end-to-end latency/throughpib€ir interactions and nally modeling the deployment arti
This will help the planner to change the component nodacts. To understand the impact of con guration on QoS, we
mappings in order to maximize QoS. wanted to observe how the possible con gurations for the

To facilitate QoS validation, PICML leverages the BGMLNav_Display  component affects the end-to-end QoS. The
tool (as shown in step 6 of Figure 3), which captures kdyext step in achieving our goal was to use the OCML tool to
QoS validation concerns of QoS-enabled middleware, sugfnerate the possible con gurations for the component unde
as (1) modeling how distributed system components interd€st> Using the documentation generated by OCML CFG, we
with each other and (2) representing metrics that can Barrowed down the con guration space for tNav_Display
applied to speci ¢ con guration options and platforms. B&M component: Further examination of this reduced con gorati
allows QA specialists to create benchmarking experimerggace reveals that some of the con gurations settings can
by synthesizing: (1) the header les and source code th@€ seta priori, i.e, without experimentation. For example,
implement the functionality, (2) the con guration and gitri the component interacts with only one source and do not
les that tune the underlying middleware and automate tHeed synchronization. These option settings (options A-F)
task of running tests and output generation, and (3) projé&n be directly determined (shown in bold) in Table I. For
build les (e.g, make les) required to generate the executablé@e remaining con gurations, where both options are sigtab
code. the possible con guration combinations were generatedgusi

In particular, BGML has been integrated with PICML a$CML.
a separate paradigm accessible from within PICML. For the?’For the remaining components, we used the default CIAO middkewa
purpose of QoS validation, BGML providetest elements con guration.
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Option Label Option Name Option Settings . .
B ORBReasioMaskSgs e for the robot assemblyscenario and by 50 secs in the
(B: 8ggg\putCDTRAllocator ff nulll,threaoy Basic SP scenario. After G, the option H in uences latency
0 tst, . . .
5 ORBP B oaPe Prisesiifind the most,i.e, changing its value from H1 to H2 worsens
E gﬁggbjecchkc eLock ;thrﬁadﬁnulltg latency by 2 secs in the rst case and by 30 secs in
onnectionCachelLoc null, threas .
S ORBClientConnectionFandiel — TRW, 5Tg the second case. US|_ng our PICML, QCML and BG.ML tools,
H ORBTransportMuxStrategy | f EXCLUSIVE, therefore, we determined the appropriate con gurationtifer
MUXEDg . .
| ORBFlushingStrategy f LF, reactivey NaV*DISplay Component to be:
J ORBConnectStrategy fLF, reactivey static Advanced_Resource_Factory
"»ORBReactor_MaskSigna_ls 0 -ORBInputCDRAllocator null
TABLE | -ORBReactorType select_st -ORBConnectionCachelLock null

CONFIGURATION SPACE FOR THENav_Display COMPONENT static Client_Strategy_Factory

"-ORBTransportMuxStrategy EXCLUSIVE -ORBProfileLock nu I
-ORBClientConnectionHandler RW

-ORBFlushingStrategy reactive

-ORBConnectStrategy reactive"

Using the target modeling capabilities of PICML, we cre-

ated a deployment scenario as described in Table II. These con guration values (1) disable lockin®dRB-

(oS I Soc [ AcE | 7ANGo ] ProfileLock ORBInputCDRAIIocatpr ), (2) set the .
CPU AMD AMD il ORB's concurrency mechanism to single-threaded reactive
Type Athlon Athlon Xeon (ORBReactorType , ORBConnectStrategy , and ORB-
e 2 2 L FlushingStrategy ), and (3) use an exclusive con-
Cache (KB) 512 512 2048 nection for request demultiplexingDRBTransportMux-
Compiler (gcc) 3.2.2 3.3 3.3.2
OS (Linux) Red Hat 9 Red Hat 8 | Debian Strategy )

Kernel 2.4.20 2.4.20 2.4.23
Avionics NavDisplay Airframe GPS
F. Summary of Results
TABLE II

The results presented in this section show how CoSMIC
provides many bene ts that overcome key limitations with
conventional QoS-enabled component middleware described
in Section Il by generating software artifacts that everect by
't(honstruction In particular, it generates IDL les that are guar-
anteed to compile, thereby eliminating errors in the congpon

TESTBED AND DEPLOYMENT SUMMARY

Finally, using the BGML tool, as shown in Figure 5
we associate Timer values to capture latency between
GPS and Nav_Display = components to measure end-to-, .. . . )
end QoS. Additionally, the build les required to compile.de nitions. CoSMIC also disallows creation of semantigall

the benchmarking code with the BasicSP source Iibrari'ensconSIStent models, and generates deployment desr ptar

were synthesized using BGML model interpreters. Table Iﬁre guaranteed to be syntgctlcally valid. In addition, CtSM
ensures that component interactions are guaranteed to have

type compatibility. The generated con guration les aretho

Setting Latency : i

(secs) syntactically and semantically correct, thereby ensutimg
(gi :i :g ji) ggg underlying middleware is con gured appropriately. The gen
EGlj HL I, ng 529 ated deployment plans eliminate impossible compdneride
(G1, H1, 11, J1) 532 allocations. CoSMIC also supports the hierarchical cormpos
(G1, H2, 11, J1) 536 tion of components without any extra overhead associatéd wi
(G1, H2, 12, J1) 548 . . . . . .
(G1, H2, 11, J2) 552 each layer in the hierarchy. Finally, it provides mechamsism
(G1, H2, 12, J1) 562 for QA specialists to evaluate how the con guration, platfio
(G2, H1, 12, J2) 568 and the deployment plans in uence application QoS thereby
Covvrsrss e ) allowing re ning and regeneration of plans that can meet-end

TABLE Il
LATENCY QOS DISTRIBUTION FOR THENav_Display COMPONENTS

to-end QoS requirements.

IV. RELATED WORK

tabulates the latency distributions for the client-sidsptiy This section summarizes related efforts associated with de

based components. We use the notaddnB2, etc. to identify veloping DRE systems using an MDD approach and compares

the individual options within each category. For exampe, t these efforts with our work on CoSMIC.

-ORBConnectStrategy  value ofLF is denoted adl a) Cadena: Cadena [18] is an integrated environment
The top 8 con gurations (out of a possible 16) are showdeveloped at Kansas State University (KSU) for building

in Table 1l sorted by increasing order of latency values. And modeling component-based DRE systems, with the goal

closer look at the values reveals a clear pattern of con gof applying static analysis, model-checking, and lightyti

ration options and its effect on QoS (end-to-end) latenoy. Fformal methods to enhance these systems. Cadena also pro-

example, the option G1 has the greatest effect on perforepanddes a component assembly framework for visualizing and

i.e, changing its value to G2 increases latency b§ secs developing components and their connections. Unlike PICML
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however, Cadena does not support activities such as compothis paper describes the capabilities of the CoSMIC MDD
nent packaging, generating deployment descriptors, cempoolsuite developed at Vanderbilt University. To showcase
nent deployment planning, and hierarchical modeling of corhow CoSMIC helps resolve key complexities of QoS-enabled
ponent assemblies. To develop a complete MDD environmerdmponent middleware, we applied several of its domain-
that seamlessly integrates component development andlmapeci c modeling languages (DSMLs) to thBasic Single
checking capabilities, we are collaborating [19] with KSUProcessor(BasicSP) scenario from the Boeing Bold Stroke
to integrate PICML with Cadena's model checking tools, scomponent avionics mission computing product suite [1].
we can accelerate the development and veri cation of DREsing theBasicSPapplication as a representative example of
systems. common DRE systems, we showed how CoSMIC can support:

b) VEST and AIRES: The Virginia Embedded Systems Design-time activities, such as speci cation of the func-
Toolkit (VEST) [20] and theAutomatic Integration of Reusable tionality of components, their interactions with other
Embedded System&IRES) [21] are MDD analysis tools components, the assembly and packaging of components,
that evaluate whether certain timing, memory, power, and and the con guration of the QoS-enabled component
cost constraints of real-time and embedded applicatioas ar middleware on which the components run

satis ed. Components are selected from pre-de ned lilesri Deployment-time activities, such as speci cation of tar-
annotations for desired real-time properties are addesl, th get environment, and automatic deployment plan gener-
resulting code is mapped to a hardware platform, and ree-ti ation, and

and schedulability analysis is done. In contrast, PICMbvad Quality assurance (QA)-timeactivities, such as valida-

component modelers to model the complete functionality of tion of the con guration and deployment platform and
components and intra-component interactions, and does not their impact on QoS.
rely on prede ned libraries. PICML also allows DRE systenThe CoSMIC MDD tools help bridge the gap between
developers the exibility in de ning the target platformné design-time veri cation and model-checking tools (such as
is not restricted to just processors. Cadena [18], VEST [20], and AIRES [21]) and the actual
c) ESML: The Embedded Systems Modeling Languaggeployed and validated component implementations [19].
(ESML) [22] was developed by ISIS at Vanderbilt University The following are a summary of lessons learned based on
to provide a visual metamodeling language that capturegr experience developing and evaluating CoSMIC:
multiple views of embedded systems, allowing a diagram- 1. Component and platform modeling improves DRE
matic speci cation of complex models. The modeling builglin systems reasoningThe results of applying CoSMIC to the
blocks include software components, component intenasfio component-base&asicSPapplication example show how it
hardware con gurations, and scheduling policies. The -usesnables the comprehension of the system at a higher level
created models can be fed to analysis tools (such as AIRE®,abstraction relative to conventional DOC middleware ap-
VEST, and Cadena) to perform schedulability and eveptoaches. In particular, CoSMIC's DSML-based approach re-
analysis. Using these analyses, design decisions (suchdases the effort involved in component interface de nitioy
component allocations to the target execution platform)lma  50%, eliminates common errors in de ning component in-
performed. Unlike PICML, ESML is platform-speci ¢ sinceteractions, and generation of deployment descriptorsidiat
it is customized for the Boeing Bold Stroke PRiSm QoSdeployment plan completely, and eliminates the duplicatio
enabled component model [1], [23]. ESML also does naf components with similar functionality by allowing reuse
support nested assemblies and the allocation of componeahi®ugh hierarchical composition.
are tied to processor boards, which is a proprietary feature 2. Early detection of errors improves productivity signi -
of the Bold Stroke component model. We are working witbantly: Most of the errors that CoSMIC eliminates at design-
the ESML team at ISIS to integrate the ESML and PICMland deployment-time are discovered only at run-time with
metamodels to produce a uni ed DSML suitable for modelingonventional component development techniques, due to a
a broad range of QoS-enabled component models. combination of complexities in development of components,
coupled without-of-bandspeci cation (using XML) of com-
ponent interconnections. This nding underscores the impo
tance of CoSMIC's MDD approach, which helps increase the
Although QoS-enabled component middleware represerffectiveness of applying QoS-enabled component middewa
an advance over previous generations of software infrastrgechnologies to the DRE systems domain.
ture technologies, its additional complexities can alsgate 3. Addressing ad hoc approaches of con guration:
its key benets when applied to complex distributed realcoSMIC's MDD tools and process can (1) alleviate key com-
time and embedded (DRE) systems. A promising approaplexities involved in understanding the impact of middlesva
to resolving these complexities is model-driven developimecon gurations on application QoS and (2) bring rigor to
(MDD) [4]. MDD tools provide correct-by-construction sup-otherwisead hoc processes used by developers to con gure
port for designing and validating DRE systems by integgatirand deploy middleware for DRE systems.
(1) analysis techniques that reason about DRE systems and 4. End-to-end toolchains for DRE systems need to bridge
(2) platform-independent generation capabilities thatteaget analysis and empirical resultsThough CoSMIC provides
multiple component middleware technologies, such as CCllevelopers of DRE system with many capabilities for specify
J2EE, and ICE. ing component-based systems and their interactions, ibtis n

V. CONCLUDING REMARKS
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yet a complete end-to-end solution for model-based design] C. Yilmaz, A. Krishna, A. Memon, A. Porter, D. C. Schmidt,
and analySIS of Component_based DRE Systems Our future A. Gokhale, and B. Natarajan, “Main Effects SCreening: Atbisited
work will therefore focus on dynamic component allocation,

performance analysis of component systems by empirically

evaluating component interactions with respect to varfmers

formance metrics, and performance modeling of componer[ujty

with regard to meeting real-time deadlines. We are devetppi

model-based solutions for these problems and integratiag {18

resulting tools into the CoSMIC toolsuite.

current MDD approach is that the experiments we ran requir&d!

5. Need for process automatiorA limitation of our

considerable human interventiang, changing the node com-

ponent association in the models and re-running the model

interpreters to generate the XML metadata. This level afreff

is not an inherent limitation of our process, however, bthea [20]

a limitation of our modeling tool infrastructure, which doe

not yet support scripting of models and model-interpreters
Our future work will therefore address this limitation byl-co 21

laborating with the tool developers to make it more scrifgab

(1]

(2]

(3]
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