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Domain-speci�c models increase the level of abstraction used to develop large-scale
component-based systems. Model-driven development (MDD) approaches (e.g., Model-
Integrated Computing and Model-Driven Architecture) emphasize the use of models at
all stages of system development. Decomposing problems using MDD approaches may
result in a separation of the artifacts in a way that impedes comprehension. For exam-
ple, a single concern (such as deployment of a distributed system) may crosscut di�erent
orthogonal activities (such as component speci�cation, interaction, packaging and plan-
ning). To keep track of all entities associated with a component, and to ensure that the
constraints for the system as a whole are not violated, a purely model-driven approach
imposes extra e�ort, thereby negating some of the bene�ts of MDD.

This paper provides three contributions to the study of applying aspect-oriented
techniques to address the crosscutting challenges of model-driven component-based dis-
tributed systems development. First, we identify the sources of crosscutting concerns
that typically arise in model-driven development of component-based systems. Second,
we describe how aspect-oriented model weaving helps modularize these crosscutting
concerns using model transformations. Third, we describe how we have applied model

weaving using a tool called the Constraint-Speci�cation Aspect Weaver (C-SAW) in the
context of the Platform-Independent Component Modeling Language (PICML), which
is a domain-speci�c modeling language for developing component-based systems. A case
study of a joint-emergency response system is presented to express the challenges in
modeling a typical distributed system. Our experience shows that model weaving is an
e�ective and scalable technique for dealing with crosscutting aspects of component-based
systems development.

Keywords: Component-based middleware; deployment and con�guration; aspect model-
ing; domain-speci�c modeling.
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1. Introduction

Model-driven development (MDD) is emerging as a new paradigm to develop com-

plex component-based distributed systems. By promoting models to the status of a

�rst-class entity in the design and implementation of such systems, developers can

reason about systems at a much higher level of abstraction than by using purely

programmatic techniques. Reusable approaches to distributed systems development

based on component middleware technologies, such as CORBA Component Model

(CCM) [1], .NET [2] and J2EE [3], have yielded a paradigm shift from focusing on

building individual components to composition and integration of systems from a

set of pre-built, reusable components. MDD-based approaches lend themselves well

to composition and integration-related tasks since they emphasize a visual approach

to system development, which is crucial to composition and integration activities.

MDD also permits the description of a system using constraint languages [4], which

can be enforced during design-time to prevent common errors that may otherwise

occur late in the integration stage. A further bene�t of MDD is that it makes

the task of system analysis easier by providing better abstractions and notations

that are closer to the domain of the system. As such, MDD helps to shield system

developers from changes in the underlying middleware platform.

1.1. MDD challenges

Although MDD approaches are desirable in large-scale component-based distributed

system development, the promotion of models to the status of �rst-class entities

incurs other challenges, wherein system developers are exposed to a number of

crosscutting concerns at the modeling level [5]. The crosscutting concerns include

activities like composition of sub-systems from individual components, con�gura-

tion of the di�erent components, integration of systems using components from

di�erent vendors, and deployment of such composed systems. In Sec. 2, we show-

case the details of these concerns as applied to component-based distributed system

development.

An example of such a concern is that of keeping track of the dependencies

on the run-time environment for every component in a system. Prior to MDD,

this dependency was captured at the implementation level using scripts, but often

the implications of the dependency were ignored in the implementation. If any

modi�cation was made at the system level (e.g., if a component was removed, or

a new component was added), the scripts that manage the run-time dependencies

must be updated manually. This is a tedious and error-prone task. In an MDD-based

approach, such dependencies are captured at the modeling level using elements of

the language. Although MDD makes the task of keeping track of the run-time

dependencies easier, it still is error-prone to modify the dependencies manually in

a system that has a large number of components. Addressing these crosscutting

concerns using conventional MDD approaches can increase the type and number of

elements that need to be manipulated at the modeling level, which may negate some
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of the bene�ts o�ered by MDD. What is desired is an enhanced MDD approach

that is scalable (i.e., it should be easy to perform modi�cations to the model even

in the presence of a large number of components), and gives assurance that changes

to model elements keep the model in a consistent state.

1.2. Solution approach ! Aspect-oriented model weaving

A promising approach to address the problems associated with applying MDD to

large-scale distributed systems development is aspect-oriented model weaving [6],

which unites the ideas of aspect-oriented software development (AOSD) [7] with

MDD to provide better modularization of properties that crosscut multiple layers

of a model [5].

Our approach to improving the scalability of MDD [8] for component-based

distributed system development | and subsequently untangling the crosscutting

concerns at the modeling level | relies on applying aspect-oriented weaving to

domain-speci�c modeling languages (DSMLs). In this paper, we illustrate our ideas

in the context of a sample distributed system scenario by applying the Constraint-

Speci�cation Aspect Weaver (C-SAW) [9], which is an aspect-oriented model weaver,

to the Platform-Independent Component Modeling Language (PICML) [10].

PICML is an open-source DSML (available for download at www.dre.

vanderbilt.edu/cosmic) developed using the Generic Modeling Environment

(GME) [11]. PICML enables developers of component-based distributed systems to

de�ne component interfaces, along with their properties and system software build-

ing rules. PICML also provides generative tools to synthesize valid XML descriptor

�les that enable automated system deployment. C-SAW is a model transforma-

tion engine that can be used to describe the essence of a model-based crosscutting

concern and transform a model accordingly. In C-SAW, aspects are de�ned at the

modeling level using the Embedded Constraint Language (ECL). C-SAW assists

model engineers in rapidly inserting and removing new properties and policies into

models without the need for extensive manual adaptation. This paper examines

the bene�ts that can be achieved by combining the aspect-oriented model weaving

supported by C-SAW with PICML’s MDD-based approach to distributed systems

development. The primary combination of this synergy closes a signi�cant gap in

developing and deploying component-based distributed systems.

Paper organization. The remainder of this paper is organized as follows:

Section 2 evaluates the use of MDD for distributed component systems by using

an unmanned air vehicle (UAV) application as a running example; Sec. 3 gives an

overview of the aspect-oriented model weaving approach, illustrates how we have

applied it to the UAV example developed using PICML, and showcases the bene�ts

of this approach; Sec. 4 compares our work with other tools that apply aspect-

oriented approaches to distributed component systems development; and Sec. 5

presents concluding remarks.
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2. Evaluating Model-Driven Development Approaches to

Developing Component-Based Systems

MDD provides numerous bene�ts over programmatic approaches to large-scale

component-based distributed systems development [12]. However, MDD also incurs

challenges due to scalability and crosscutting concerns, similar to the challenges

seen in programmatic approaches. Hence, it is imperative to enhance MDD to ad-

dress these challenges.

To illustrate the crosscutting and scalability challenges in MDD for component-

based distributed systems, we �rst present a brief overview of MDD approaches

highlighting a DSML which we have developed for component-based distributed

systems. We then use a component-based distributed system case study to illustrate

how the crosscutting challenges manifest themselves in MDD. Our case study is an

emergency response system that uses multiple unmanned air vehicles (UAVs) to

perform aerial imaging, survivor tracking and damage assessment. Using the UAV

scenario, we then highlight the scalability challenges and crosscutting concerns a

model engineer faces when building a system like the emergency response system.

2.1. Overview of model-driven development of component-based

systems

MDD is a paradigm that focuses on using models to describe many system devel-

opment activities (i.e., models provide input and output at all stages of system

development until the �nal system itself is generated). In MDD, models are used to

describe all artifacts of the system (e.g., interfaces, interactions, and properties of

all the components that comprise the system). These models can be manipulated

in a number of di�erent ways to analyze the system, and in some cases to generate

the complete implementation of the system. In order to capture the semantics in an

e�ective manner that is as close as possible to the domain of the developed system,

a DSML can be used. A DSML is a �ve-tuple [13] consisting of:

� Concrete syntax (C), which de�nes the notation used to express domain

entities,

� Abstract syntax (A), which de�nes the concepts, relationships and integrity

constraints available in the language,

� Semantic Domain (S), which de�nes the formalism used to map the semantics

of the models to a particular domain,

� Syntactic mapping (MC: A ! C), which assigns syntactic constructs (e.g.,

graphical and/or textual) to elements of the abstract syntax,

� Semantic mapping (MS: A ! S), which relates the syntactic concepts to

those of the semantic domain.

Crucial to the success of DSMLs is metamodeling and auto-generation. A meta-

model de�nes the elements of a DSML that are tailored to a particular domain,

such as the domain of avionics mission computing or emergency response systems.



June 21, 2006 15:40 WSPC/117-ijseke 00280

Weaving Deployment Aspects into Domain-Speci�c Models 407

Auto-generation involves automatically synthesizing artifacts from models, thereby

relieving DSML users from the accidental complexities of the artifacts themselves,

including their format, syntax, or semantics. Examples of such artifacts include

(but are not limited to) code in some programming language, and descriptors (in

formats such as XML) that can serve as input to other tools.

To support e�ective design and development of component-based sys-

tems, we have de�ned the Platform-Independent Component Modeling Language

(PICML) [10, 14, 15] using the Generic Modeling Environment (GME) [11]. GME

is a meta-programmable modeling environment with a general-purpose editing en-

gine, separate view-controller GUI, and a con�gurable persistence engine. Because

GME is meta-programmable, the same environment used to de�ne PICML is also

used to build models, which are instances of the PICML metamodel.

At the core of PICML is a DSML (de�ned as a metamodel using GME) for

describing components, types of allowed interconnections between components, and

types of component metadata for deployment. The PICML metamodel de�nes the

di�erent types of modeling elements that are essential for developing, composing,

con�guring and deploying component-based systems. The artifacts pertaining to

con�guration and deployment of component-based systems that are generated from

PICML are then deployed using the Component-Integrated ACE ORB (CIAO) [16,

17], which is an implementation of the CCM.a

In terms of the �ve-tuple de�ned above, PICML uses bitmap-based icons rep-

resenting elements of the platform (e.g., CCM) as the concrete syntax. For ele-

ments like components, PICML also uses enhanced visualizations called \decora-

tors," which display the di�erent ports of a component and allow connections to

be made between ports of di�erent components. The abstract syntax of PICML is

de�ned using a variant of UML class diagrams available in GME. In addition to

the class diagrams, OMG’s Object Constraint Language (OCL) is used to enforce

the semantics that are not captured by the class diagrams. The semantic domain

of PICML is the CCM platform. Thus, the semantics of the di�erent elements are

governed by the CCM speci�cation, which de�nes the elements as well as valid in-

teractions between the di�erent elements that make up a system built using CCM.

The syntactic mapping between the di�erent elements in the abstract syntax to

the elements in the concrete syntax is achieved by associating each element in

the metamodel with icons, or with a decorator (in the case of special elements like

components and assemblies). The semantic mapping associating the elements in the

metamodel with elements in the CCM platform is performed partly using the OCL

constraints, and partly using the various model interpreters de�ned in PICML. A

model interpreter is a GME plug-in written using a high-level language like C++,

and can be used to enforce the semantics not captured by OCL constraints alone.

Interpreters for PICML are also used to generate various artifacts like component

aPICML is currently being enhanced to model systems using other standards-based component
middleware, such as J2EE and .NET, in addition to CCM.
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con�guration �les and deployment plans, which are needed for the deployment of

CCM components.

The PICML metamodel de�nes approximately 115 di�erent types of basic ele-

ments, with 57 di�erent types of associations between these elements grouped under

14 di�erent folders. The PICML metamodel also de�nes 222 constraints that are en-

forced by GME’s constraint manager during the design process. Using GME tools,

the PICML metamodel can be compiled into a modeling paradigm, which de�nes a

domain-speci�c modeling environment. From this metamodel, approximately 20,000

lines of C++ code (used to represent the modeling language elements as equivalent

C++ types) is generated. This generated code allows manipulation of modeling

elements (i.e., instances of the language types using C++) and forms the basis for

writing model interpreters. Each interpreter is written as a DLL that is loaded at

run-time into GME and executed to generate the XML descriptors based on mod-

els developed by the component developers using PICML. PICML currently has

8 interpreters using 222 generated C++ classes and approximately 8,000 lines of

handwritten C++ code to generate the following descriptors needed to support the

OMG Deployment and Con�guration (D&C) speci�cation [18]:

� Component Interface Descriptor (.ccd) | Describes the interfaces | ports,

attributes of a single component.

� Implementation Artifact Descriptor (.iad) | Describes the implementation

artifacts (e.g., DLLs, executables) of a single component.

� Component Implementation Descriptor (.cid) | Describes a speci�c im-

plementation of a component interface; also contains component inter-connection

information.

� Component Package Descriptor (.cpd) | Describes multiple alternative

implementations (e.g., for di�erent OSes) of a single component.

� Package Con�guration Descriptor (.pcd) | Describes a component package

con�gured for a particular requirement.

� Component Deployment Plan (.cdp) | Plan which guides the run-time

deployment.

� Component Domain Descriptor (.cdd) | Describes the deployment target

(e.g., nodes, networks) on which the components are to be deployed.

2.2. A representative case study using PICML

This section presents an emergency response system as the guiding example to

illustrate the MDD approach, and to illustrate the challenges that arise in mod-

eling distributed component systems. This example models emergency response

situations (such as disaster recovery e�orts stemming from 
oods, earthquakes, or

hurricanes) and consists of a number of interacting subsystems. Our focus in this

paper is on the composition, integration and deployment of a UAV, which is used

to monitor terrain for 
ood damage, spot survivors that need to be rescued, and
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Fig. 1. Emergency response system components.

assess the extent of damage. The UAV transmits this imagery to various other

emergency response units. The software components of this UAV application are

shown in Fig. 1 and described in detail in [10].

The UAV application involves sending streams of images from each UAV to

a control center responsible for monitoring the image data. Each image stream is

composed of a Sender (e.g., the UAV), a number of Qosket components, and a

Receiver component. Sender components are responsible for collecting the images

from each image sensor on the UAV. The Sender passes the images to a series of

Qosket [16] components. Qoskets are software components that encapsulate a set of

contracts, a set of system condition objects and performance adaptation behavior

logic. Thus, Qoskets perform adaptations on the images to ensure that the images

can be transmitted without violating the quality of service (QoS) requirements. Ex-

amples of Qosket components include CompressQosket, ScaleQosket, CropQosket,

PaceQosket, and a DiffServQosket. The �nal Qosket in the pipeline then passes

the images to a Receiver component, which collects the images and passes them

on to a display in the control room of the emergency response team.




