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1 Introduction

Enterprise application is aterm applied to alarge class of ap-
plications that comprise enterprise resource planning (ERP),
shop floor automation, supply chain management (SCM), e-
business and customer relationship management (CRM) sys-
tems.

Examples of enterprise applicationsinclude airline reserva-
tion systems, bank asset management systems, and business-
to-business supply chain management systems. These types
of applications constitute the majority of information technol-
ogy (IT) investment and staffing, with annual expenditures ex-
pected to exceed $7.3bn worl dwide by 2004.

Enterprise applications were historically developed using
custom built, in-house applications built customizing propri-
etary systems like HighExPlus, BancsConnect and EX that
are being used from mainframes to PC's. Due to deregula-
tion, time-to-market pressures, and stiff global competition
for human and economic resources, however, enterprise ap-
plications are increasingly being developed using services and
protocols defined by commercial-off-the-shelf (COTS) mid-
dleware integration platforms, such as the Common Object
Request Broker Architecture (CORBA) [1], Java 2 Enterprise
Edition (J2EE) [2], and emerging web services middleware,
such as .NET [3] based on XML [4] and SOAP [5]. COTS

middleware encapsulates specific services or sets of services
to provide reusable building blocks that can be composed to
develop enterprise applications rapidly and robustly. In partic-
ular, COTS middleware offers enterprise application devel op-
ers the following reusable capabilities:

e Horizontal infrastructure services, such as object request
brokers

e \ertical models of domain concepts, such as common
semantics for higher-level reusable component services,
and

e Connector mechanisms between components, such as re-
mote method invocations or message passing.

Despite advances in COTS middleware quality and ubig-
uity, however, developers of enterprise applications face the
following important—yet unresolved—challenges:

e Proliferation of middlewaretechnologies. Large-scale,
long-lived enterprise applications require the underlying
middleware technology platform be available on hetero-
geneous platforms and languages, interface with legacy
code in different languages, and interoperate with mul-
tiple technologies from different suppliers. However,
COTS middleware technologies, such as J2EE and the
emerging .NET web services, do not yet provide a com-
plete end-to-end solution to support enterprise applica-
tion development in diverse environments.

e Satisfying multiple quality of service requirementssi-
multaneoudly. An increasing number of enterprise ap-
plications, such as high-volume e-commerce systems and
automated stock trading systems, have strigent quality of
service (QoS) demands, such as efficiency, scalahility,



dependability, and security, that must be satisfied simul-
taneously and that cross-cut multiple layers and require
end-to-end enforcement. However, conventional imple-
mentations of middleware web services cannot enforce
complex QoS requirements of enterprise applications ef-
fectively since they were developed for less stringent re-
guirements.

e Addressing accidental complexities in assembling
components. To reduce application lifecycle costs and
time-to-market, developers are required to assemble and
deploy enterprise applications from COTS middleware
components. However, selecting the right set of com-
patible components that address all the application re-
quirementsis a daunting task leading devel opersto write
customized code. This task not only increases the appli-
cation lifecycle costs, but also is extremely tedious and
error-prone which increases the accidental complexities.

A promising way to address the three challenges described
aboveisto apply model-integrated computing (M1C) technolo-
gies[?, 6]. MICisaparadigm for devel oping application func-
tionality and QoS requirements at higher levels of abstraction
than is possible with programming languages like Java, C++,
or C#. MIC requires developers to model an integrated, end-
to-end view of the entire system including al the interdepen-
dencies. These models capture the essence of a class of appli-
cations rather than focusing on a single, custom application.
MIC uses one set of tools that analyzes the interdependent fea-
tures of the system captured in the model and determines the
feasibility in terms of different QoS requirements. Another set
of interpreter tools translate models into executable specifica
tionswhich in turn can be used to synthesize the software.

In the context of enterprise applications, sophisticated MIC
generator tools and aspect weavers can be applied to analyze
the models and synthesize platform-specific code that is cus-
tomized for specific middleware and application properties.
Important properties for enterprise applications include iso-
lation levels of a transaction, recovery strategies to handle
various runtime failures, and authentication and authorization
strategies. A portable, component-based middleware frame-
work that supports configurable and adaptive QoS manage-
ment is essential to the success of model-integrated comput-
ing.

This paper provides three contributions to the study of
model -integrated computing for enterprise applications:

e We illustrate how the MIC paradigm can be applied to
simplify the development of enterprise applications and
reusable component services.

e We describe how pattern-oriented middleware enables
modeling and synthesis tools to rapidly develop, assem-
ble, and deploy middleware and component services tai-

lored for the needs of enterprise systems with multiple
simultaneous QoS requirements.

e We discuss how emerging standards, such as the OMG
Model Driven Architecture (MDA) [7] based on UML [8]
and XML [4] and the CORBA Component Model
(CCM) [9], can be used to enhance MIC technologies.

The remainder of this paper is organized as follows. Sec-
tion 2 describes how model-integrated computing and middle-
ware can be combined to resolve key challenges associated
with enterprise application development; Section 3 illustrates
how the MIC paradigm is being standardized via the OMG'’s
MDA and CCM and also outlines our approach for synthe-
sizing CCM-based application functionality from higher-level
models, Section 4 describes how patterns help resolve the
accidental complexities intrinsic to the task of synthesizing
semanti cally-compatible components that address application
functionality and QoS requirements; and Section 5 provides
concluding remarks and future directions.

2

This section describes how model-integrated computing and
middleware can be combined to resolve key challenges asso-
ciated with enterprise application development.

2.1 Overview of Middleware

Middleware is systems software that resides between the ap-
plications and the underlying operating systems, network pro-
tocol stacks, and hardware [10]. Its primary role is to func-
tionally bridge the gap between application programs and the
lower-level hardware and software infrastructure in order to
coordinate how parts of applications are connected and how
they interoperate. Middleware also simplifies the integration
of components devel oped by multiple technology suppliers.
When implemented properly, middleware can help to:

e Shield software devel opers from low-level, tedious, and
error-proneplatform details, such as socket-level network
programming.

e Amortize software lifecycle costs by leveraging previous
development expertise and capturing implementations of
key patterns in reusable frameworks, rather than rebuild-
ing them manually for each use.

e Provide a consistent set of higher-level network-oriented
abstractions that are much closer to application require-
ments in order to ssimplify the development of distributed
and embedded systems.

e Provideawide array of developer-oriented services, such
as logging and security that have proven necessary to op-
erate effectively in a networked environment.



Over the past two decades, various technologies, such as
the Distributed Computing Environment (DCE) [11], have
been devised to alleviate many complexities associated with
developing software for enterprise applications. Their suc-
cesses have added a new category of systems software to
the familiar operating system, programming language, net-
working, and database offerings of the previous generation.
Some of the most successful of these technologies have cen-
tered on distributed object computing (DOC) middleware,
such CORBA [1], J2EE [2], and the emerging web ser-
vices middleware, such as .NET [3] based on XML [4] and
SOAP[5]. DOC is an advanced, mature, and field-tested mid-
dleware paradigm that supports flexible and adaptive behav-
ior. DOC middleware architectures are composed of relatively
autonomous software objects that can be distributed or col-
located throughout a wide range of networks and intercon-
nects. Clients invoke operations on target objects to perform
interactions and invoke functionality needed to achieve appli-
cation goas. Through these interactions, a wide variety of
middleware-based services are made availabl e off-the-shelf to
simplify application development. Aggregations of these sim-
ple, middleware-mediated interactionsform the basis of large-
scale enterprise application deployments.

2.2 Overview of M odel-Integrated Computing

Computer based systems are large, complex, software-
hardware systems, where much of the complexity is due to
interactions between the software and its environment. Model -
integrated Computing (MIC) is defined as the principled appli-
cation of domain-specific modeling languagesto the engineer-
ing of computer based systems. MIC provides rich, domain-
specific modeling environmentsincluding model analysis and
model-based program synthesistools.

MIC offersthe following benefits:

e it frees developers from dependencies on any particular
middleware technology’s APIs.

e even if existing middleware technologies and their asso-
ciated APIs are obsoleted by newer ones, the models can
be used for amuch longer time.

Combining MIC with middleware is important because it
doesn’t require the modeling tool s to generate al the code. In-
stead, large portions of applications are smply reused from
existing middleware components. This reusable middleware
handles many QoS-critical aspects, such as concurrency, dis-
tribution, transactions, security, dependability, etc.

2.3 Resolving Enterprise Application Chal-
lenges with Model-Integrated Computing
and Middleware

As described in Section 1, developing and deploying enter-
prise applications and services using today’s COTS middle-
waretechnol ogiesrequires devel opersto address the following
challenges:

¢ Proliferation of middleware technologies

e Satisfying multiple quality of servicerequirementssimul-
taneously

e Eliminating accidental complexities arising out of man-
ual assembly of components

A promising way to address the challenges of developing en-
terprise applicationsis to develop intelligent tools that can as-
semble the right set of components based on models. These
models serve as higher-level specifications of application func-
tionality and its QoS reguirements.

Below we outline how the model -integrated computing and
middleware can be combined to address these challenges more
effectively.

Challenge 1: Proliferation of Middleware Technologies

Problem. There are an increasing number of middleware
technologies, such as CORBA, J2EE, and .NET web services
based on XML/SOAP outlined above. Although each has its
strengths and weaknesses, no technology provides a compre-
hensive one-fits-all solution. For example, middleware tech-
nologies, such as Sun's J2EE and the Microsoft's emerging
.NET web services, may be challenged to provide a com-
plete end-to-end solution to build enterprise applications due
to their dependency onimplementation language, such as Java,
or platforms such as Windows, respectively.

Business organizations also often have a considerable in-
vestment in legacy applications that do not use today’s mid-
dleware technologies. In particular, large-scale enterprise ap-
plications often consist of components based on multiple soft-
ware technol ogies devel oped over long periods of time. Prob-
lems arise when these components must interoperate or be in-
tegrated together into a single executable since it is hard to
assemble semantically compatible and interoperable compo-
nents based on multiple middleware platforms.

With an increasing trend towards availability of newer mid-
dlewaretechnologies, it isimperativefor enterprisesto achieve
good return on investment over a period of time. Itisalsoim-
portant to interoperate seamlessly with emerging technol ogies
without affecting their business rules and customers.

Solution. We are working on techniques based on the Model
Drive Architecture (MDA) [7], which is a MIC standard pro-
posed by the Object Management Group (OMG), The MDA



provides a standard way to address the middleware prolifera-
tion challenges outlined above. The MDA provides standard
modeling languages such as the Unified Modeling Language
(UML) [8]. Languages like UML can be used to model ap-
plication functionality and system interactions. They can also
be used as meta-modeling languages where platform specific
models can themselves be modeled at an even higher-level,
platform independent model.

However, the MDA does not yet adequately address a broad
spectrum of distributed enterprise application QoS issues, in
particular theintegration of dependability, security, scalahility,
and predictability.

Challenge 2: Satisfying Multiple Quality of Service Re-
quirements Simultaneously

Problem. A growing number of enterprise applications de-
mand varying degrees and forms of quality of service (QoS)
support from their middleware. For example, enterprise ap-
plications such as ERP, shop floor automation, supply chain
management, e-business and CRM systems, require efficient,
predictable, scalable, security, and fault tolerance guarantees.
Owing to the complex nature of enterprise QoS requirements,
it is not feasible to develop a single-vendor, end-to-end so-
lution that addresses al these challenges. Instead, highly
configurable, flexible, and optimized commercial off-the-shelf
(COTS) componentsfrom severa different providersbased on
standard distributed object computing (DOC) middleware are
required to rapidly assemble and deploy these systems.

Solution. We are using the MDA modeling tools to model
at ahigher level of abstraction not only enterprise application
functionality but also its end-to-end QoS requirements. These
models can then be analyzed by intelligent tools and the re-
quired functionality can be mapped into platform-specific de-
ployment descriptors, such as XML configuration files, that
contain al the QoS-related information. The descriptors are
then used by the platform-specific component servers or as-
pect weavers [12] that can weave in the right set of compo-
nents to deploy the application [6]. This process can be ap-
plied until the desired functionality is achieved.

Challenge 3: Lack of Adequate End-user Programming
Skills

Problem. End-users seldom possess the skills to either pro-
gram components or to assemble and deploy the applications.
Customized tools with intuitive user interfaces are therefore
required for end-usersto mix and match componentsto obtain
the desired application functionality.

The right implementation choices, and even the right granu-
larity of components, required to bring enterprise applications
to market is often not understood until several iterations of a

system undergo field trials. To maintain a competitive edge,
however, it isimperative that the time-to-deployment of an ap-
plication is minimized. Component vendors must therefore be
able to develop and deploy the appropriate component config-
urations to their customers rapidly, while minimizing compo-
nent lifecycle costs.

Solution. A portable component-based middleware frame-
work that supports configurable and adaptive QoS manage-
ment is essential to achieve this approach.

Currently, we are working on code-generation tools that
synthesize code for OMG's CORBA Component Model
(CCM). CORBA isadistributed object computing middleware
standard defined by the OMG that allows clients to invoke
operations on remote objects without concern for where the
object resides or what language the object is written in [13].
In addition, CORBA shields applications from non-portable
details related to the OS/hardware platform they run on and
the communication protocols and networks used to intercon-
nect distributed objects. These features make CORBA ide-
ally suited to provide the core communication infrastructure
for distributed applications. The CORBA component model
(CCM) providesapplication programmerswith astandard way
to implement, manage, configure, and deploy componentsthat
implement and integrate CORBA services. The CCM standard
not only enables greater software reuse for servers, it also pro-
vides greater flexibility for dynamic configuration of CORBA
applications.

Challenge 4: Assembling semantically compati-
ble QoS-enabled components

Problem. QoS-enabled DOC component middleware, such
the CCM, comprises a library of resuable, QoS-enabled com-
ponents that can be composed to assemble and deploy appli-
cations. However, a naive approach to assembling these com-
ponents leads to incompatible, non-interoperable components
getting assembled thereby increasing the accidental complex-
ities. Moreover, manual assembly of compatible components
is tedious and error-prone which adversely affects application
lifecycle costs and time-to-market.

Solution. We are addressing this challenge by developing
MDA trandator tools that can analyze application function-
ality and QoS requirements based on the input models. The
tools can then synthesize pattern-oriented, semantically com-
patible standard middleware from the library of QoS-enabled,
reusable CCM components. The decision on which patterns
make most sense will be made by the tools based on the input
models.



3 Using Model Driven Architecture to
Compose QoS-enabled Component-
based Application Functionality

This section describes how the OMG Model Driven Archi-
tecture (MDA) can synthesize the required enterprise applica-
tion functionality specified as models by assembling semanti-
cally compatible QoS-enabled, reusable components provided
by the CORBA Component Model (CCM). First, we briefly
describe the MDA and the CCM. Next, we outline our ap-
proach to synthesizing CCM-based application functionality
from models.

3.1 Overview of MDA and CCM

This section providesabrief overview of theModel Driven Ar-
chitecture (MDA) and the CORBA Component Model (CCM).

3.2 Mode Driven Architecture

The MDA proposed by the Object Management Group (OMG)
provides a standard way to address the middleware prolifer-
ation challenges explained in Section 1. The MDA builds
upon years of research on model-integrated computing [?, 6]
to provide platform-independent models (PIMs) and platform-
specific models (PSMs) that streamline platform integration
issues and protect investments against the uncertainty of
changing platform technology. PIM and PSM descriptions
of applications are formal specifications built using modeling
standards, such as the Unified Modeling Language (UML) [8].
The PIM models are mapped into PSMsviatransglators. PSMs
can be implemented using standard or proprietary middleware
platforms, such as CORBA or .NET.

Although the OMG MDA standard has adopted the UML-
based PIM and PSM for CORBA, they do not yet adequately
address a broad spectrum of distributed application QoS is-
sues, in particular the integration of dependability, scalability,
security, and predictability that is very crucial for the success
of enterprise applications.

3.21 CORBA Component Mode

One of the common goals shared by both MDA and CCM
is to decouple application-specific functionality and logic
from the accidental complexitiesinherent in theinfrastructure.
This enables application programmers to concentrate on the
application-specific functionality alone.

Conventional ways of developing application software,
however, often yield code that is not robust enough because
objects are often tightly coupled with each others. Moreover,

many non-functional aspects, such as persistent data store, se-
curity, and housekeeping of run time environment, that weave
through multiple layers result in even more tight coupling be-
tween application objects and with the infrastructure and its
associated housekeeping tasks.

These tight couplings lead to brittle abstractions that are
hard to reuse.

Software frameworks try to address this issue by abstract-
ing out common application logic into frameworks. However,
this solution is not complete since application objects are still
allowed to interact directly with each other, which ultimately
leads to tight coupling among application objects. Therefore,
some housekeeping code is still required within the applica-
tions to manage the framework. Moreover, these software
frameworks incur yet another dependency on the applications
by tightly coupling them to the framework they are devel oped
upon. Therefore, it is non-trivial to reuse application objects
and port them to a different framework.

The Object Management Architecture (OMA) definedin the
CORBA 2.x specifications [1] provides a uniform framework
for building portable distributed systems by providing a flex-
ible infrastruture framework. The CORBA 2.x specification,
however, does not sufficiently address the aforementioned is-
sues and system devel opers are required to address them in an
ad hoc way. For example, object interconnectionsin a sys-
tem composed of interdependent objects still need to be im-
plemented by the devel oper. Moreover, a devel oper still needs
to perform housekeeping work, such as initializing the broker
and setting up policies, to get the system operational .

Like other component-based technologies, e.g. EJB and
DCOM, the CORBA Component Model (CCM) addresses
these concernsby creating aphysical boundary around compo-
nents with well defined interfaces, and executing components
in generic “ application servers.”

A component is the unit of reuse in a CCM system. Sys-
tem designers compose systems by specifying the component
interconnections using meta-data. As the actual component
interconnections are not established until components are de-
ployedin acomponent server, thereis no tight coupling among
components. Below, we list the major features offered by the
CCM and benefits.

Figure 1 shows an overview of the run-time architecture of
the CCM model.

3.3 Synthesizing Component-based Applica-
tion Functionality

The CCM provides the mechanisms for composing a system
from reusing existing components. The MDA, on the other
hand, can take advantage of the deployment facility that CCM
provides to achieve this. One virtue of using MDA isto uti-



Figure 1: Overview of the CCM Run-time Architecture

lize complex modeling tools that can check for certain prop-
erties of the implementation, e.g., check the correctness of an
algorithm, or ensure that a series of constraints are enforced,
etc. Moreover, with support for QoS-enabled, reusable CCM
components, it is possible to model the QoS requirements of
applicationsusing MDA -provided tools such asUML and syn-
thesize the QoS-enabled application functionality.

The CCM also defines severa helpful patterns and abstrac-
tions that can be reused, rather than regenerated by an MDA
tool everytime. For example, instead of generating entire
CCM components, the MDA tools can extend the XML de-
ployment descriptors that define the QoS requirements that a
component or a deployment needs. These descriptors serve
as input to application server (component server) that in turn
decipher the information and determine how to provide the
necessary QoS support.

Below we outline an iterative process that can be used to
assemble and deploy QoS-enabled enterprise applicationsin a
timely manner, while also minimizing lifecycle costs.

1. Use the MDA to model a system by mixing and match-
ing existing off-the-shelf components, and partitioning or
defining the functionality of new components. This will
also include defining what QoS properties of the compo-
nents can (or need to) be adjusted. The result of this step
will clearly define the contract acomponent supports and
will enable us to take advantage of MDA to verify the
system correctness.

2. Based on the component definition from the previous
step, the component implementation can be refined using
MDA, with the MDA ensuring the correctness of refined
component implementation.

3. Deploy the resulting system for testing and tuning. Here,
we can again use MDA to tweak the QoS requirements of
the components and change the system configurations by
fine tuning the deployment descriptors.

Section 4 describes how patterns can help MDA tools to
generate semantically correct CCM deployment descriptors
thereby eliminating the accidental complexities in manually
hand-crafting these.

4 Applying Patterns for Synthesis of
Middleware Components

As noted in Section 3.3, manua hand-crafting of semanti-
caly compatible, QoS-enabled CCM components is tedious
and error-prone. The solution we proposed was to use the
model driven approach to synthesizing application code.

However, the task of selecting and assembling semantically
compatible and provably correct reusable componentsis also
adifficult task for MDA tools. Patterns help address this chal-
lenge.

In the following section we discuss the common patterns
that are useful to implement such MDA tools. Breaking up
the component framework into logical formulationsof patterns
helps the composition problem. Fixing responsibilities for ev-
ery participant in the pattern and its interaction behavior with
other patterns helpsto view systems as smaller sub-systems of
patterns.

4.1 Configuration Patterns

Context: Metalevel architectures such as the one we de-
scribed that enable developers to compose application should
allow configuration of different properties and services. The
types of properties that need to configured includes the QoS
properties, type of communication model, such as connection
oriented or push-pull, type of event handling, and type of de-
multiplexing mechanisms. The application could also config-
ure services that would get triggered when certain types of
events occur in the system.

Problem: Providing al the combinations of properties at
link time to an application is obtrusive for the following rea-
sons (1) flexibility of composing applications is limited i.e.
adding or removing a property that needs to be supported in-
volves compiling all of the framework code and the applica-
tion code, and (2) application would unnecessarily incur costs
of footprint and memory for all the combination of properties
that they do not use.

Solution: The solution is to use the Configuration pat-
terns [14]. The Component Configurator [15] allows the ap-
plicationtolink and unlink propertiesprovided using the Strat-
egy [16] pattern dynamically at run-time instead of statically
linking in the propertieswith applications. This can be used to



separate the different properties as different components and
load them when the application needs it. Interceptor pattern
allows adding and triggering services when certain events oc-
cur in the system.

4.2 Event Handling Patterns

Context: Distributed systems based on the “request-
response” architecturesusually have a client system that opens
up aconnectionto the server offering aservice and makesare-
quest to it. The server in turn accepts a connection, processes
therequest, and sends back aresponse on the same connection.

In the meta-level architectures that we describe, the appli-
cations might require communicating over different transports
using different messaging protocols like GIOP, SOAR, HTTP-
NG or RMI.

Problems: The problem is multi-dimensional, in the sense
that it spans from choosing the right transport and right mes-
saging protocol that needs to be used to initiate a request, to
the message specific processing that needs to be performed to
send back a response on the same transport.

Solution: Thesolutionisto usethe Acceptor-Connector pat-
tern that addresses the division of concerns [17] of connec-
tion initialization and processing that needs to be performed
on the messages received over the connection. Previous work
on ORB middleware [18] has shown a possible architecture
using the Component Configurator pattern with the Acceptor-
Connector pattern to address the problem of communicating
over different transports and protocols.

In addition to the patterns in the contexts explained above,
patterns like Microkernel [19] and Reflection are useful for
devel oping adaptable systems.

5 Concluding Remarks

There has been aproliferation of middlewaretechnologiesthat
address various requirements of enterprise applications. These
types of applications must often be assembled from compo-
nents belonging to disparate middleware technologies, which
increases the effort required to integrate and deploy semanti-
cally compatible and interoperable components across multi-
ple middleware platforms. Moreover, enterprise applications
must increasingly support multiple QoS properties simultane-
ously.

This paper describes a model-driven approach to address-
ing these challenges. It illustrates the benefits of model inte-
grated computing for developing large-scale enterprise appli-
cations focusing on the MDA standard. It also describes how
pattern-oriented middleware enables modeling and synthesis

tools to rapidly develop, assemble, and deploy DOC middle-
ware based, large-scale, enterprise systems with multiple, si-
multaneous QoS requirements.

We are developing a framework to provide the modeling
and synthesis tools to develop, assemble, and deploy middle-
ware large-scale, enterprise systems with multiple, simultane-
ous QoS requirements.
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