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To satisfy the Department of Defense's (DOD) software development requirements in the current economic climate of diminishing budgets, it is essential to identify and utilize new technologies that increase productivity, software reliability,and quality, while decreasing costs.  Software reuse is such a technology.  Domain Engineering (DE) is the engineering practice that supports software reuse initiatives through domain analysis, domain design, and domain implementation activities. For the past four years, the Army Reuse Center (ARC) has provided DE support to such organizations as the Program Executive Office Standard Army Management Information Systems (PEO STAMIS) and the United States Army Topographic Engineering Center (USATEC).  It has been the ARC's experience that an automated mechanism is needed to support these Domain Engineering activities.  As a result, the ARC has developed the concept of a database that allows domain engineers to store, manage, and manipulate the domain knowledge for these efforts.  This database is referred to as the Domain Knowledge Database (DKDB) and it consists of on-line, menu-driven storage,and access to the domain information gathered during DE activities and to the resulting products.  It supports domain engineers by expediting the process of DE.  The information in the DKDB can support domain managers in identifying and controlling domain reusable assets.  In addition, this tool provides valuable information for selecting and classifying reusable assets to install in a domain reuse library.





1.0	Introduction








For the past five years, the ARC has helped the Army and other DOD organizations to establish reuse within their software systems.  Much of the support has gone to major Army Ada systems such as Standard Installation Division Personnel System - 3 (SIDPERS-3), Sustaining Base Information Services (SBIS), and Standard Army Maintenance System -Installation/Table of Distribution (SAMS-I/TDA).  The DE process has resulted in the identification and realization of reuse opportunities.





The ARC DE process consists of gathering, analyzing, manipulating, and formalizing the domain information relevant to the implementation of a reuse program that promotes cost-effective development of software systems within the domain.  This DE process is intuitive, interactive, and iterative.  It focuses on identifying common capabilities within a domain (or a system) based on the domain information gathered.  This domain information, referred to as the domain knowledgebase, must be validated, organized, centralized, and manipulated by domain engineers throughout the DE activities to ensure successful and accurate results.  It has been the ARC's experience that a DKDB can effectively fulfill these requirements.  In 1993, the ARC and CACI, INC. - FEDERAL jointly produced the first DKDB in response to the need of centralizing domain knowledge and DE results, as well as managing and manipulating the information for the PEO STAMIS DE effort.  This database can be customized to meet different DE efforts.





This paper will explain the driving factors behind the development of the DKDB and describe in detail how it has supported the PEO STAMIS and USATEC DE efforts.  The paper will first introduce the ARC DE goals, concepts, and activities.  It will then describe the DKDBs used in the PEO STAMIS and USATEC DE efforts, respectively.  Final sections will explain the usefulness of the DKDB in support of domain engineers, domain managers, and software developers, as well as its relationship with a reuse library.





2.0	Goals of Domain Engineering





The goal of the DE activities is to utilize an architecture-centric approach that facilitates the institution of reuse and the chain reaction of reuse across a software development life-cycle.  To meet this goal, DE provides a systematic approach to (1) understand and describe the common requirements and design in the domain; (2) identify similarities and differences among related systems, leading to reusable software assets; and (3) facilitate the development and reuse of software assets.  These objectives provide a practical method for identifying high-demand categories of assets and corresponding donor/client systems.  In summary, DE prepares a road map for planned reuse from which standardization and configuration management can leverage.





3.0	Domain Engineering Concepts





It is important to introduce some of the basic concepts of DE for the usefulness of the DKDB to be understood.  Since DE applies to a domain, it is first necessary to define the term domain.  In terms of reuse, a domain can be classified as a family or group of software systems that share common functions and data.  A domain can be further divided into subdomains.  For example, a Logistics domain might be broken down into Supply, Maintenance, Troop Support, and Transportation subdomains.


Figure 3-1.  Domain Engineering and Its Relationship to Software Engineering


The Logistics domain can also be viewed as a subdomain of the Management Information Systems (MIS) domain.





Domain Engineering (DE) is the software engineering discipline that includes the identification, analysis, and design of a domain's common capabilities.  It also includes the identification, re-engineering or construction, integration, and maintenance of reusable assets that address those common capabilities.  In general, DE builds software architectures and reusable assets to address the problems of system development within a domain.  The three main activities of DE are: Domain Analysis, Domain Design, and Domain Implementation.  These activities occur during the domain's life-cycle and focus on the problems within the domain.  They act independently from concurrent software development efforts; however, they can support the reuse efforts of a particular application development through the use of DE products from a domain reuse library, as illustrated in Figure 3-1.





A typical software development activity can benefit from the DE results by using them as guidelines on which to focus the identification or development of reusable components for the system.  The domain engineers can help software developers identify, understand, and integrate existing reusable assets. Conversely, domain engineers can benefit from a system development by gaining knowledge of new requirements and acquiring developed reusable assets.








The Domain Analysis activity determines the common requirements within a domain for the purpose of identifying reuse opportunities among the systems in the domain.  It builds a domain architectural model representing the commonalities and differences in requirements within the domain (problem space).  This activity is considered the critical first step in a reuse plan, because it captures reuse opportunities at the requirements level and can institutionalize reuse in the early activities of system developments.





Domain Design is the DE activity that takes the results of Domain Analysis to identify and generalize solutions for those common requirements in the form of a Domain-Specific Software Architecture (DSSA).  Domain Design focuses on the problem space, not just on a particular system's requirement, to design a solution (solution space).  This activity develops a generic design for classes of systems or problems in the domain. During Domain Design, the reuse opportunities identified in Domain Analysis are refined to meet the design constraints.





Domain Implementation is the DE activity that realizes the reuse opportunities identified during Domain Analysis and Design in the form of common requirements and design solutions, respectively.  It includes the identification, re-engineering and/or construction, and maintenance of reusable assets that support those common requirements and design solutions.  It facilitates the integration of those reusable assets into a particular application.  These reusable assets can be in the form of requirements, design, code, test suites, and documentation; these assets can be stored in a reuse library for availability.





A domain reuse library is a logical or physical storage of the Domain Analysis, Design, and Implementation products.  The library usually contains a facet schema that  classifies each product under a set of facets and corresponding facet terms.  The reusable assets are classified according to their capability.  The domain architectural model and DSSA are classified according to the domain capabilities.  A domain reuse library provides a searching mechanism based on these facets to allow the end user to select the component for extraction.





A high-demand category is the description of a reusable asset that has been identified as a common component within a domain based on the Domain Analysis and Design results.  These categories are derived from the common capabilities defined in the domain architectural model and the DSSA.  They help to classify the reusable assets into a domain reuse library to be extracted later by software developers.








The domain engineers are the people involved in performing the DE activities described above.  The domain analyst is a person with a system analysis background who is responsible for organizing  and analyzing domain knowledge and capturing the domain's commonalities.  The domain designer is more familiar with software solutions to system requirements and is responsible for developing an optimal solution for implementing the domain requirements.  The domain implementor knows about software languages and system development life-cycles and is responsible for evaluating existing assets or developing new components that meet the design constraints and fulfill the domain requirements.  Domain implementors can also identify donor and client systems for reuse.  They can support donors who build assets with reuse in mind and clients who integrate those reusable assets.





A domain expert is a person knowledgeable about the domain's capabilities.  This person may be a functional proponent, an agent supporting functional proponents, a software developer, or a researcher who is familiar with the domain.  The domain expert helps the domain engineers to perform an accurate analysis of the domain.  This person is responsible for identifying relevant domain knowledge for the domain engineers, determining the domain boundaries, refining the domain concepts and validating the Domain Analysis and Design products.





Figure 4-1.  The Domain Analysis Process


A domain manager is the person responsible for coordinating and managing the DE activities that optimize reuse potential within the domain.  This includes: targeting DE efforts, developing software architectures to serve as a blueprint for software reuse within the domain, identifying reusable assets by either re-engineering existing products or developing new products, maintaining reusable products, and exchanging reusable assets between development efforts within the domain.





4.0	The ARC Domain Engineering Activities





By understanding the process for the Domain Analysis, Design, and Implementation activities, it is easier to understand the role played by the DKDB to support these activities.  The ARC follows a step-by-step process for its Domain Analysis and Domain Design activities.  However, the Domain Implementation activity is driven by the customer's demand and reuse goal(s).  The following subsections describe the three activities in detail.





4.1	The Domain Analysis Activity





Figure 4-1 illustrates the steps used to accomplish Domain Analysis.  These steps are grouped into three phases: Domain Analysis Preparation, Domain Analysis Activities, and Domain Analysis Products.  The process is iterative and it ends when sufficient information has been obtained.





The Domain Analysis Preparation phase is as important to the Domain Analysis process as the design phase is to a system development.  It is where domain engineers become knowledgeable about the domain and set the foundation for accurately identifying commonalities within the domain.  The first step of this phase is to identify the sources of domain information.  The goal is to identify, with the help of domain experts, reliable domain expertise and documentation that will benefit the understanding of the domain.  These sources could be existing systems, functional descriptions, domain experts, training materials or an existing DKDB.  Once the sources have been selected, domain engineers gather the information by concentrating on "what" the domain is, not "how" it is implemented.  In addition, domain engineers should be directed by domain managers as to whether they need to gather "as is" or "to be" domain capabilities or both.  Domain information is gathered through questionnaires, domain expert interviews, review of relevant information from documentation, reverse re-engineering of existing systems, and independent research.  When domain engineers develop an initial understanding of the domain, they can define and scope the domain.  The domain scope is validated by the domain experts and approved by the domain manager.  The goal is to select a mature subdomain with the greatest reuse potential on which to focus the Domain Analysis effort.  Usually a selection criteria is developed to select this subdomain.  The next step is to develop a general description of the domain and its boundaries.  This provides a basis of understanding of the domain's capabilities before proceeding with the analysis.  Domain engineers establish a DKDB to keep the information gathered and the domain description for the next phase.





Since the Domain Analysis process is iterative, the best time to start the Domain Analysis Activities phase is when domain engineers have enough information, validated by domain experts, to start determining the composition of the domain.  The ARC has chosen the object-oriented decomposition technique to represent the domain capabilities for the following reasons: it facilitates the identification of commonalities through classes; objects are more stable over time than other representations; and object-oriented models hold up better as requirements evolve.  The first step in the Domain Analysis Activities is to define and describe the objects.  The idea is to brainstorm and throw on a diagram anything that can be considered an object, based on the domain information.  Then by challenging each object, the domain engineers end up with a set of objects stable enough to define the structure of the domain.  This results in an object-oriented model.  This model will be refined numerous times until it is approved by domain experts as a satisfactory representation of the domain.  The model should be an accurate representation of the domain's capabilities (the "what's"); however, it may not show the common capabilities yet.  Even though domain engineers may have ideas about some commonalities, it is critical that the domain capabilities are represented before identifying commonalities.  Domain engineers start comparing objects and structures to determine similarities and differences.  Usually similar characteristics of objects are moved to a class of those objects, and similar objects are merged into one generic object.  This results in an object-oriented model showing commonalities and differences, called the domain architectural model.  Along with this model, domain engineers develop textual descriptions called Domain Object Specifications of each object and class in the model.  This information is kept in the DKDB.





The Domain Analysis Products are: domain models, a domain architectural model, domain object specifications, high-demand categories of reusable assets, potential reuse opportunities, a domain classification for the domain architectural model, and a complete DKDB.  Usually, the domain manager selects the products to be developed according to the organization’s reuse goals.  For example, PEO STAMIS's goal was to realize reuse within its systems; therefore, the ARC developed a domain architectural model, domain object specifications, potential reuse opportunities, and a DKDB.  USATEC initiated an Army domain analysis effort to identify existing software that can be reused in future systems within the Mapping, Charting and Geodesy (MC&G) domain.  Its goal is to populate a domain reuse library with existing MC&G software that maps to a domain architectural model.  Therefore, the ARC is producing a domain architectural model, object specifications, a high-demand category catalog, and a DKDB.  This Army effort is being expanded to a DOD-wide effort including the Defense Mapping Agency (DMA), Army, Air Force, and Navy.  The DKDB will also expand to support this DOD-wide MC&G Domain Analysis activity.





4.2	The Domain Design Activity





Figure 4-2 illustrates the iterative steps used to accomplish Domain Design.  These steps are grouped into three phases: Domain Design Preparation, Domain Design Activities, and Domain Design Products.





In the Domain Design Preparation phase, domain engineers identify the domain constraints.  The purpose of this first step is to identify established and potential constraints affecting the design.  These may be military standards, directives, data standardization, commercial off-the-shelf (COTS) software, and government off-the-shelf (GOTS) software.  Other activities include: defining domain boundaries, identifying software/hardware constraints, and identifying reuse objectives.  The next step is to collect and organize the solution space (domain) information.  The goal is to gather existing design solutions, domain analysis information, and lessons learned.  The idea is to concentrate on "how" things do the "what".  Then, domain engineers survey domain-specific parts.  The goal is to identify existing design components that closely meet the requirements in the domain architectural model and the imposed constraints.  It provides a means to develop a DSSA that takes advantage of existing quality assets.  At the end of the preparation phase, the DKDB is updated with the additional domain information, design constraints, and description of design components.  





During the Domain Design Activities phase, domain engineers develop the DSSA that provides the best economic advantage for reuse.  In large domains, one overall DSSA may not provide enough commonality to be of substantial use.  The DSSA is decomposed to the desired level of detail.  Along with the DSSA, object specifications are produced to support the model.  For traceability to the Domain Analysis products, the ARC uses an object-oriented decomposition technique to develop this model.  The DSSA is validated by domain experts to ensure it meets the domain architectural model and domain constraints, and that it provides a workable solution to the software developers.  Along with the DSSA, domain engineers develop the domain object specifications and store them in the DKDB.  The final step is to develop DSSA guidelines.  These guidelines explain how to use the DSSA in a software development activity.  The Domain Design Products are: the DSSA(s), domain object specifications, high-demand categories, reuse opportunities, a domain classification, the DSSA guidelines, and a DKDB.





4.3	The Domain Implementation Activity





The Domain Implementation activities are driven by the reuse goals defined by the domain manager.  They can vary from the identification of existing reusable assets, through re-engineering, and to the development and maintenance of reusable assets.  Since Domain Implementation realizes reuse, domain engineers focus on a group of systems to identify reuse scenarios that can accomplish opportunistic and/or systematic reuse.  Opportunistic reuse consists of taking advantage of existing assets that meet system(s) requirements.  In this case, re-engineering may be required.  Systematic reuse provides the most reuse benefits, because it captures the need of a reusable component before it is developed.  Practically, this means a selected donor system develops a component with reuse in mind and then one or more client systems reuse it.








5.0	The ARC Domain Knowledge Database (DKDB)





The DKDB stores domain knowledge.  The domain knowledge is a logical collection of the domain information and DE products that are relevant to the execution of DE and reuse activities.  Manual storage of this information has proven to be time consuming, to provide limited control, and to be difficult to maintain.  The ARC developed a DKDB to store and manipulate this information on-line, allowing for consolidation, easy reference, and accurate update of domain information.





The ARC’s DKDB is a PC-based system using Microsoft Access 2.0, designed to centralize domain information that is useful for the DE activities.  The ARC DKDB was first developed to support the PEO STAMIS's Domain Analysis and Implementation efforts.  Later, the database was customized to support the USATEC and DOD MC&G Domain Analysis efforts.





Figure 4-2.  The Domain Design Process


In general, these DKDBs relate domain information with the domain's software systems information and the products of the DE efforts.  The information can consist of analytical findings from interviews with domain experts, systems descriptions and schedules, components' information from the systems, research information, references to sources of information, and domain object specifications.  Figure 5-1 shows the type of information that can be stored in the DKDB for use by domain managers, domain engineers, and even software developers.  The next section will explain how these people benefit from the DKDB.





The DKDB consists of tables designed to organize the domain information under various categories.  Figure 5-2 depicts the structure of the DKDB designed to support the PEO STAMIS effort.  The PEO STAMIS DKDB stores information about the systems within the domain and their respective components; it also stores information about the domain architectural model, the domain object specifications, and the high-demand categories.  The purpose of the PEO STAMIS Domain Analysis and Implementation efforts was to identify reuse opportunities within the organization.  Therefore, the DKDB was designed to provide a link between the commonalities in the model and the components of the systems through the high-demand categories.  A user (domain engineer, domain manager, or software developer) can request information about the components within the domain's systems that fall under a specified high-demand category.  The DKDB can also provide information about potential donor and client systems for reuse based on their development schedule.





The USATEC DKDB focuses on the sources of domain information from where the domain architectural model derived, the object specifications, and the sources data used to develop the object specifications.  The USATEC DKDB is being customized to support the expansion of the Army MC&G Domain Analysis to a DOD-wide effort; therefore, its DKDB is designed to keep track of where the domain information is coming from (Army, Air Force, Navy, or DMA), as well as what information was actually used to produce the cross-services domain object specifications.  Figure 5-3 shows a layout of the USATEC DKDB structure.














Figure 5-1.  Information in a Domain Knowledge Database




















Figure 5-2.  PEO STAMIS Domain Knowledge Database Structure
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Figure 5-3.  USATEC Domain Knowledge Database Structure


In general, the DKDBs provide three levels of user access:  DKDB administrator, domain engineer, and end user (domain manager or software developer).  The DKDB administrator can modify the DKDB design and structure, based on the requirements of the domain engineer or the domain manager.  The domain engineers can view, input, and query the domain information.  The domain manager and software developers can only view and query the information.  Other specific DKDB features are: customized queries, on-line and printed reports based on customized queries, and storage of information from multiple domains.








6.0	The DKDB as a Supporting Tool �for DE





The DKDB provides queries and reports to access the domain information, as well as Domain Analysis, Domain Design, and Domain Implementation information.  Domain engineers can keep track of domain information throughout the DE activities.  During Domain Implementation, domain engineers/domain managers/software developers can access and manipulate the results of the DE activities to identify and achieve reuse.  Equally important, the DKDB helps domain managers to meet their organization's reuse mission, and software developers to incorporate reuse into their system.





Figure 6-1 indicates the DE activities and the software development activities that the DKDB can support.  The rest of this section will describe the type of information stored and used by each activity and how the DKDB supports each of these activities.  (Refer to Figures 4-1 and 4-2 for the Domain Analysis and Design activities.)





1.	In the Domain Analysis Preparation phase, domain engineers need to consolidate the significant information gathered that may be used to analyze the problem space.  The DKDB primarily supports the Gather Domain Information, Define the Domain, and Describe the Domain activities.  During information gathering, domain engineers need to classify and organize the domain information, as well as the information sources.  For example, in the PEO STAMIS Domain Analysis effort, most of the information came from systems documentation and domain expert interviews.  This information was consolidated in the DKDB and used to define and describe the domain.  Then, the domain description was validated and stored in the DKDB for access during the Domain Analysis Activities.





	In the Domain Design Preparation phase,  domain engineers can use the Domain Analysis results stored in the DKDB in the form of object specifications to identify the domain constraints.  Domain engineers also update the domain information gathered during Domain Analysis.  Besides supporting the Identify Domain Constraints activity, the DKDB can facilitate the Collect & Organize Solution Space Information activity.





2.	During the Domain Analysis Activities, domain engineers can use the DKDB information to Determine Composition of the domain.  The domain description and information gathered during Domain Analysis Preparation phase can be used as a baseline to identify objects within the domain.  For example, in the USATEC DKDB domain engineers can use the information to develop the object specifications and relate them to the sources.  In some cases, a "cut-and-paste" mechanism is used, since the information is already stored in the DKDB.  Domain engineers can update the object specifications in the DKDB as the domain architectural model evolves.  This allows a controlled mechanism to update the object specifications during the Define Structure and Identify Commonalities activities.  The DKDB also allows the domain engineers to manipulate the object specifications to facilitate the identification of commonalities.  A comparison can be done on object names or object operations to find close matches.





	Having the Domain Analysis information and domain object specifications stored and organized in the DKDB makes the Development of the DSSA step, under the Domain Design Activities, easier.  Domain engineers have to develop object specifications that support the DSSA.  By having the object specifications developed during the Domain Analysis available in the DKDB, domain engineers can expand them to represent the design solution.  A new set of object specifications can be stored.  The DKDB can link both sets of object specifications to allow traceability from design to requirements.  In addition, components or systems that were linked to the requirements commonalities for reuse opportunities can now be linked to the design commonalities identified during the DSSA development.  The Validate the DSSA step is also facilitated by the DKDB.  Domain experts can view the object specifications from the DKDB at the proper time.








3.	During the Domain Analysis and Design Products Development, domain engineers can refine the object specifications, based on the domain experts validation, in one place.  They can also identify reuse opportunities by querying for commonalities (high-demand categories) related to system components.  This information and the corresponding system development schedule stored in the DKDB can be used to map donors and clients for a particular reusable asset.  (In terms of reuse opportunities, the classes of objects represent the common requirements and design that can lead to reusable assets.)


Figure 6-1.  Domain Knowledge Database Usage





4.	During the Domain Implementation Activities, domain engineers can query for information that helps to identify reuse scenarios.  The DKDB keeps track of the systems and their development status to determine whether the system can be a donor or a client of a reusable asset falling under a specified high-demand category.  If the DKDB reports that the  asset falls under two systems, where one system has not developed it yet, the domain engineer can infer that this system can benefit from the system that has already developed the asset.  The DKDB can trace whether the specified high-demand category comes from a Domain Design object specification or a Domain Analysis object specification.  If both, the client system can benefit by reusing the requirements, as well as the design, along with the corresponding software asset.  The DKDB can also inform the domain engineer if that asset is available in the domain reuse library.





5.	During the Domain Manager Activities, it is essential that all DE information and products are centralized in the DKDB.  This facilitates control of DE activities, accurate identification of reuse opportunities, and development of a reuse plan for the domain.





6.	During a particular Software Development Activities, software developers can use the DKDB to identify and implement reuse within their system.  The commonalities captured in the DKDB are described through the object specifications.  Software developers can use the object specifications as guidelines to understand the generic requirements and design for a particular component to be developed for the system.  Usually software developers are not aware of the requirements of other applications within the domain.  Being aware of this information can help them to develop the component with reuse in mind.  Likewise, they can determine if an existing reusable component closely meets its system requirements and can adapt to those requirements early in the development.





7.0	Benefits from Utilizing the DKDB





The DKDB can contribute to a successful DE effort by: 





·	Expediting the DE process,


·	Controlling accurate domain information and DE products,


·	Facilitating the identification of reuse opportunities,


·	Describing commonalities through the high-demand categories,


·	Helping to describe and classify domain reusable assets to populate a domain reuse library, and


·	Centralizing the domain information and DE products.





The participants of a DE effort or a reuse plan can use the DKDB as a tool to support their activities as follows:





·	Domain engineers can consolidate and access the domain information, control the update of DE products, easily identify reuse opportunities, and define reuse scenarios.


�·	Domain experts can access the domain information and DE products for validation when necessary.


·	Domain managers can have accurate and consolidated information about the domain and the DE results.


·	Software developers can access information about the domain's commonalities to guide them to either identify or develop reusable assets for their system.





In summary, as seen by the successful integration of the DKDB into the PEO STAMIS and USATEC reuse efforts discussed in this paper, the DKDB has been proven to be an effective tool that facilitates the execution of DE activities into an organization’s software reuse e
