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Introduction

Software product-line architectures (PLAs) [1] are a promising technology for industrializing software-intensive systems by focusing on the automated assembly and customization of domain-specific components, rather than (re)programming systems manually. Conventional PLAs consist of component frameworks [9] as core assets, whose design captures recurring structures, connectors, and control flow in an application domain, along with the points of variation explicitly allowed among these entities. PLAs are typically designed using commonality/variability analysis (CVA) [2], which captures key characteristics of software product-lines, including: (1) scope, which defines the domains and context of the PLA, (2) commonalities, which name the attributes that recur across all members of the product family, and (3) variabilities, which contain the attributes unique to the different members of the product family.
Despite improvements in third-generation programming languages (such as Java and C#) and runtime platforms (such as component and web services middleware), the levels of abstraction at which PLAs are developed today remains low relative to the concepts and concerns within the application domains themselves. A promising means to address this problem involves developing PLAs using model-driven engineering (MDE) [7]. As shown in Figure 1, MDE tools help raise the level of abstraction and narrow the gap between the problem and solution domains by combining: (1) metamodeling and model interpreters to create domain-specific modeling languages (DSMLs) [5] with (2) CVA and object-oriented extensibility capabilities to create domain-specific component frameworks. DSMLs help automate repetitive tasks [4] that must be accomplished for each product instance (such as generating code to glue components, or synthesizing deployment artifacts for middleware platforms). Domain-specific component frameworks factor out common usage patterns in a domain into reusable platforms, which help reduce the complexity of designing DSMLs by simplifying the code generated by their associated model interpreters.
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Figure 1: Using DSMLs and Component Middleware to Enhance Abstraction and
Narrow the Gap between Problem and Solution Domain
MDE allows a model engineer to explore various design alternatives representing possible configurations for a specific instance of the product family. Such “what if” scenarios assist in understanding the ramifications of design choices at a higher level of abstraction compared to exploratory changes in source code at the implementation level. Thus, to use MDE-based PLA technologies effectively in practice requires a capability to evolve software-intensive solutions. In addition to assisting in the exploration of design alternatives among product instances, an MDE-based PLA technology must also address the domain evolution problem [6], which arises when existing PLAs are extended and/or refactored to handle unanticipated requirements. Although PLAs can be enhanced by combining component frameworks with DSMLs, existing MDE tools do not handle the domain evolution problem effectively since they require significant manual changes to existing component frameworks and metamodels. For example, changing metamodels in a PLA typically invalidates models based on previous versions of the metamodels. Although software developers can manually update their models and components to work with a new metamodel, this approach is clearly tedious, error-prone, and non-scalable.

This proposed chapter describes our approach to MDE-based PLAs and presents a solution to the domain evolution problem. We use a case study of a representative software-intensive system from the distributed real-time embedded (DRE) systems domain to describe how to evolve PLAs systematically and minimize human intervention. The approach uses a mature metamodeling tool to define a modeling language in the domain, and applies a model transformation tool to specify model-to-model transformation rules that define metamodel changes. Our approach automates many tedious, time consuming, and error-prone tasks of model-to-model transformation to reduce significantly the complexity of PLA evolution. In addition to presenting the approach to domain evolution for MDE-based PLAs, the chapter will also contain an overview of the key concepts introduced in the chapter, such as MDE, PLAs, and model transformation.

Outline of the Remainder of the Proposed Chapter
The remainder of this proposal summarizes the sections that will be contained in the chapter. Section 2 describes our vision of the architecture of PLA for DRE systems and the benefits that MDE provides. Section 3 introduces a representative case study used throughout the chapter, which applies the Event QoS Aspect Language (EQAL) MDE tool to simplify the integration and interoperability of diverse publish/subscribe mechanisms in the Bold Stroke PLA [8]. Section 4 describes the challenges we faced when evolving models developed using EQAL and Section 5 presents our solutions to those challenges. Our work on MDE-based PLA is compared with related research in Section 6. Concluding remarks and lessons learned are provided in Section 7.
Section 2 (Design Concepts of MDE-based PLAs for DRE Systems) presents an overview of an MDE-based PLA for DRE systems, focusing on the design concepts, common patterns, and software architecture.

An MDE-based design and composition approach for embedded systems entails the combination of a DSML with reusable component frameworks. We believe this approach also applies to the design of PLAs for large-scale DRE systems. Figure 2 illustrates the high-level design principle and overall architecture of an MDE-based PLA solution that exploits a layered and compositional architecture to modularize various design concerns for DRE systems.
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Figure 2. MDE-Based Product-line Architecture for DRE Systems 

MDE-based PLAs for DRE systems are based on a core set of platforms, frameworks, languages, and tools. DRE systems increasingly run on commercial-off-the-shelf (COTS) middleware and OS platforms. Because many DRE systems require a loosely-coupled distribution architecture to simplify extensibility, COTS middleware typically provides publish/subscribe-based communication mechanisms, which help developers concentrate on the application-specific concerns of their DRE systems, and leaves the connection, communication, and QoS-related details to middleware developers and tools. Moreover, core components of event-based architectures can be reused, thereby reducing development, quality assurance, and evolution effort. To set the context for the chapter, this section will be more tutorial in nature and will provide a detailed discussion of the following topics:
· Component frameworks provide reusable building blocks of PLAs for DRE systems. These frameworks are increasingly built atop COTS middleware and OS platforms. Because the philosophy of COTS middleware and OS platforms cater to maintaining generality, wide applicability, portability and reusability, customized frameworks are often desired in DRE software product-lines to (1) raise the level of abstraction, and (2) offer product-line specific runtime environments. Examples of component frameworks include domain-specific middleware services, which will be introduced in this section.
· 
· Domain-specific modeling languages (DSMLs) and patterns facilitate the model-based design, development, and analysis of vertical application domains, such as industrial process control, telecommunications, and avionics mission computing. DSMLs are also applicable to horizontal platform domains, such as the domain of component middleware for DRE systems, which provide the infrastructure for many vertical application domains. Regardless of whether the DSMLs target vertical or horizontal domains, model interpreters can be used to generate various artifacts (such as code and metadata descriptors), which can be integrated with component frameworks to form executable applications and/or simulations. This section will introduce several DSMLs as examples of vertical and horizontal domain abstraction.

Section 3 (The Design of the EQAL MDE Tool) describes the structure and functionality of EQAL and introduces a case study based on a mission computing avionics product line.
The Event QoS Aspect Language (EQAL) is an MDE tool designed to reduce certain aspects of component-based publish/subscribe PLA-based DRE systems, such as the Boeing Bold Stroke PLA [8], which supports many Boeing product variants (e.g., F/A-18E, F/A-18F, F-15E, and F-15K) using a component-based, publish/subscribe platform. The Boeing Bold Stoke PLA supports systematic reuse of avionics mission computing functionality and is configurable for product-specific functionality (such as heads-up display, navigation, and sensor management) and execution environments (such as different networks/buses, hardware, operating systems, and programming languages). The Bold Stroke PLA and its associated models in EQAL will serve as the case study of the proposed chapter.

EQAL is implemented using the Generic Modeling Environment (GME) [3], which is a toolkit that supports the development of DSMLs. The EQAL DSML provides an integrated set of metamodels, model interpreters, and standards-based component middleware that allow PLA developers to visually configure and deploy event-based communication mechanisms in DRE systems via models instead of programming them manually. EQAL is an example of a DSML that supports a horizontal platform domain, i.e., it is not restricted to a particular vertical application domain, but instead can be leveraged by multiple vertical domains.
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Figure 3. EQAL MDE Tool Architecture
As shown in Figure 3, EQAL is a layered architecture that supports several types of abstractions, which are subject to change stemming from domain evolution. The bottom layer is the EQAL Runtime Framework (EQAL-RF), which is a portable, OS-independent framework. The EQAL-RF provides an extensible way to deploy various event-based communication mechanisms, including a two-way event communication mechanism based on direct method invocation. 
The middle layer in the EQAL architecture is a set of domain models that represent instances of modeled DRE systems. These models are created by the EQAL DSML and are used to capture the structural and behavioral semantic aspects of event-based DRE systems.
 The top layer of the EQAL MDE architecture consists of a metamodel that enables developers to model concepts of event-based DRE systems, including the configuration and deployment of various publish/subscribe services. This layer also contains several model interpreters that synthesize various types of configuration files that specify QoS configurations, parameters, and constraints. The EQAL interpreters automatically generate publish/subscribe service configuration files and service property description files needed by the underlying EQAL-RF and selected middleware.

Section 4 (Challenges of MDE-based PLA when Facing Evolution) examines challenges associated with evolving an MDE-based PLA in the context of the Boeing Bold Stroke PLA and the EQAL DSML. For each challenge, we explain the context in which the challenge arises and identify key problems that must be addressed. The challenges that will be discussed in this section include the following:



· New requirements must be captured into existing PLAs. DRE systems must evolve to adapt to changing requirements and operational contexts. In addition, when emerging technologies become sufficiently mature, it is often desirable to integrate them into existing PLAs for DRE systems. For example, depending on customer requirements, different product variants in the Bold Stroke PLA may require different levels of QoS assurance for event communication, including timing constraints, event delivery latency, jitter, and scalability. Even within the same product variant, different levels of QoS assurance may be required for different communication paths, depending on system criticality (e.g., certain communication paths between components may require more stringent QoS requirements than others).
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· Migrating Existing Domain Models with MDE-based PLA Evolution.
·  The primary value of the MDE paradigm stems from the models created using the DSML. Unfortunately, if the metamodel is changed, all models that were defined using that metamodel may require maintenance to adapt to the semantics that represent the computer-based system correctly. Without ensuring the correctness of the domain models after a change to the domain, the benefits of MDE will be lost. The only way to use instance models based on the original metamodel is to migrate them to use the modified metamodel. During this migration process, we must preserve the existing set of domain model assets and allow new features to be added into domain models; ideally with as little human intervention effort as possible.















































Section 5 (Techniques to Support Evolution in MDE-based PLA) outlines our approach for resolving the challenges introduced in Section 4 and describes how we can apply these solutions using EQAL. The challenges of adding new requirements to a PLA and migrating existing domain models are addressed by the following two solution approaches:
· Evolve a PLA systematically through framework and metamodel enhancement. A layered PLA can reduce software design complexity by separating concerns and enforcing boundaries between different layers. Because different layers in a PLA still need to interact with each other through predefined interfaces, to integrate new requirements into a PLA, all layers must evolve in a systematic manner. As shown in Figure 3, for most PLAs for DRE systems we generalized this evolution to the following three ordered steps:

4. Component framework evolution. As discussed earlier, frameworks are often built atop middleware and OS platforms and provide the runtime environment to DRE systems. As a result, whenever the DRE systems must evolve to adapt to new requirements, component frameworks are often affected since they have direct impact on the system.
5. DSML evolution. DSML metamodels and interpreters are often used to capture the variability and features of DRE systems so a system can expose different capabilities for different product variants. Often, DSMLs are used to glue different component framework entities together to form a complete application, so typically DSML evolution should be performed after framework evolution is completed.
6. Domain model evolution. The DSML metamodel defines a type system to which domain models must conform. Since the changes to the metamodel of a DSML often invalidate the existing domain models by redefining the type system, domain model evolution must be performed after the DSML evolution.
Tool-supported domain model migration. To preserve the assets of domain models, our approach is to bring model migration capabilities online, i.e., embed domain model migration capabilities into the metamodeling environment itself. This approach is sufficiently generic to be applied to any existing metamodeling environment. A description of the change in semantics between an old and a new DSML is a sufficient specification to transform domain models such that they are correct in the new DSML. Moreover, the pattern that specifies the proper model migration is driven by the change in semantics, and may be fully specified by a model composed of entities from the old and new metamodels, along with directions for their modification. In our approach, we use a declarative model transformation language that allows one to query and change the model to define model transformation rules. The Embedded Constraint Language (ECL), used by the C-SAW GME plug-in [4] is a good candidate for such a language. The ECL is a textual language for describing transformations on visual models. Similar to the Object Constraint Language (OCL) defined in OMG’s UML specification, the ECL provides concepts such as collection and model navigation. In addition, the ECL also provides a rich set of operators that are not found in the OCL to support model aggregations, connections, and transformations. ECL is a declarative language that allows one to specify the formal transformation rules of the syntax translator to capture the semantic migration.








Section 6 (Related Work) will provide a survey of related work and serve as an evaluation of techniques that support evolution of PLAs in comparison with the MDE-based PLA approach. The paper will cite over 30 references and cover a large representation of literature in the areas of generative programming, model transformation, PLAs, and MDE.
Section 7 (Conclusion and Lessons Learned) will present concluding remarks and lessons learned from our experience in evolving product-lines through MDE. Change is a natural and inevitable part of the software PLA lifecycle. The changes may be initiated to correct, improve, or extend assets or products. Because assets are often dependent on other assets, changes to one asset may require corresponding changes in other assets. Moreover, changes to assets in PLAs can propagate to affect all products using these assets. A successful process for PLA evolution must therefore manage these changes effectively.
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