Flexible Integration of Manufacturing Databases Using a Model-Based Architecture Capable of Wide-Area NetworkingYicheng Tao1Gilbert Babin2Cheng Hsu3July 19961Department of Decision Sciences and Engineering Systems,Rensselaer Polytechnic Institute, Troy, NY, 12180-3590.2Assistant Professor, D�partment of d�informatique, Universit�Laval, Qu�bec City, Qu�bec, Canada, G1K 7P4.3Associate Professor, Department of Decision Sciences andEngineering Systems, Rensselaer Polytechnic Institute, Troy, NY,1 2 1 8 0 - 3 5 9 0 .

ABSTRACTManufacturing enterprise systems entail both vertical and horizontal integration. Verticalintegration involves different time frames of three basic cycles: the work order-oriented real timeprocesses, the customer/demand-oriented aggregate systems, and the business strategy-orientedenterprise functions. Horizontal integration, on the other hand, is concerned with geographicallydistributed organizational systems, which typically require heterogeneous computing environmentsdistributed not only over local-area networks but likely also over wide-area/global networks. Bothintegration require scalable building and adaptive configuration of systems, where interoperabilitymust be accomplished without jeopardizing these systems� autonomy and concurrent processing.Furthermore, these systems may require active capabilities such as event-based informationhandling and fault-tolerant coordination among conventional database servers or data warehouses.Amodel-based architecture providing flexible integration of manufacturing databases beyondlocal area networks is proposed in this paper. The concept of metadata independence for multiplesystems is presented as the basis for the conceptual design of the architecture, while the ROPE(Rule-Oriented Programming Environment) method is developed to execute the design. Particulardesigns are developed to incorporate client-server technology (including CORBA) whereverappropriate. 1AN ENTERPRISE INFORMATION MANAGER: THE OBJECTIVEMultiple (heterogeneous, distributed, and autonomous) systems characterize distributedmanufacturing enterprises. The enterprise information manager that integrates these systems (inpart or in whole) needs to provide interoperability at three levels: file transfer (work flows), globalquery, and data and knowledge/processes management. At each level, the systems involved mayrequire fault-tolerant, real-time, or even active capabilities in addition to the traditional database andfile system operations. Furthermore, these multiple systems may have to operate over wide-area oreven global networks where reliable and controllable enterprise-wide network transactionsmanagement capabilities are non-existent. To compound the complexity even further, distributedenterprises always involve dynamic changes that not only update the contents (data and operating rules) of these multiple systems, but also add or delete member systems and modify theconfigurations associating them. The enterprise information manager (EIM) technology must beassessed in this context. Integration which is done on a lesser scale is only accomplished byconstructing special software programs which translate between individual proprietary systems.These translators are typically complex and expensive to modify in order to respond to changingbusiness needs or improved information technologies. The objective of an EIM is to enable manufacturing enterprises to have not only the disparateinformation integrated within each factory, but also to have access to relevant information across allfactories, design centers, and other functional divisions. Further, the enterprises would be capableof making changes to data and have those changes automatically disseminate throughout the entiredistributed organizations, which will result in having all related processes brought instantly intoline. This objective can be demonstrated by using an Army logistics example which has themetadatabase installed into the configuration of Army depots and arsenals. In the scenario, the EIM (which may be distributed) would provide a comprehensive linkagebetween each Army locale, thereby giving personnel the ability to search the global Armyenvironment for particular pieces of data, and control of global events. The strength of globalquery capability would be matched by the ability to control events from a distance. Personnel maymodify data on a global scale, such as changing the deadline in the research prototype andmanufacture of a weapon system. Normally, any such scheduling change would begin a cascadingeffect; one Army arsenal would inform another by telephone until all were informed. Each in turnwould have to determine which information systems required updating, locate the affecteddatabases and implement the changes piecemeal, until al pertinent processes are realigned to ensureconsistency. In contrast, the EIM would perform all of the above repetitious and error-prone taskson-line. Ideally, installation of the EIM does not have to replace existing Army data structures butrather be expandable; its structure provides for computing growth within all Arsenals and Depots.This objectivity can only be achieved in steps, of course. An immediate step that this researchattempts is to develop a flexible integration method applicable to EIM�s under wide-area-networking (WAN) conditions. In particular, it proposes a model-based architecture with fault-tolerance to support global query, data management, and event-based processes. The work is based on the authors� previous results [1,2,13,14,15,17]. New results whichconstitute the focus of this paper include a communication requirements model and a new design ofthe model-based architecture. These results respond to the specific needs of real-time processcontrol [23] as well as the emerging client-server tecnologies, such as CORBA (Common ObjectRequest Broker Architecture) and ANSI/ISO SQL3, so as to provide sufficient capabilities foractive event-based processing. In addition, methods and algorithms are developed to execute thearchitecture. Fault tolerance is a built-in feature of the methods. Data replication is supported as amechanism for both fault tolerance and real time process control. Aprototype is implemented toverify the new execution methods. We now discuss the research problem in Section 2, and presentthe solution in Sections 3, 4 and 5. Conclusions are provided in Section 6.2AN ARCHITECTURE FOR FLEXIBLE INTEGRATION: THE PROBLEMIndustrial solutions tend to either be broad-based open systems, or be proprietary �one vendor�technology. The broad-based DAE (Distributed Application Environments)-class technology dealswith API (Application Program Interface) and other inter-system interfacing tasks to provide filetransfer-level of integration. Apromising example is CORBA [21], which supports directinteroperability among various object-oriented systems and some gateway services for connectingrelational or other traditional systems into an object environment. This class of enterpriseinformation managers lacks a global model for the enterprise and typically does not include onlineknowledge bases (e.g., intelligent interfacing agents or rule-based shells) in its inter-systeminterface configuration design; both of which are strong suits of technologies that feature database-class capabilities at the expense of flexibility and openness. In between the DAE-class and thedatabase-class technologies there exists data warehouse-class enterprise information managers.Prime examples include IBM�s Information Warehouse and Hewlett-Packard�s WorkManager.

Some global query functionalities (typically with build-in latency on the contents of informationand limited flexibility on the types of queries supported) are provided in addition to file transfers.The database-class technology - in particular, the various HDDBMS (HeterogeneousDistributed Database Management Systems) and multidatabases [3,6,8,9,11,22,24] - is somewhatantithetic to the other two classes of enterprise information managers in philosophy and practice.While being more analytically elegant and complete, available HDDBMS�s tend to be limited tolocal-area networked environments and are not as robust as the other classes in dealing with taskssuch as large-scale file transfers (e.g., engineering drawings) and work flow management.Moreover, due to the basic control methods employed, they tend to focus on the integration ofinformation systems at a fixed point of time (the development time) and leave out such non-staticaspects as (1) dynamically changing the (inter-system) processes and (intra-system) structures and(2) incrementally building or grouping systems (e.g., adding systems to an HDDBMS after thedevelopment time or connecting an HDDBMS to another). The two properties are referred to asflexibility in this work.There are a few major concerns facing the database-class technology striving to extendflexibility for manufacturing over WAN�s. We recognize the following problems from theperspective of this research: 1. Global serialization. Serialization across multiple databases has long been recognized asimpractical if there is a higher probability of deadlock due to the network involved. Thenetwork problem of serialization in LAN environments might be solvable under certainconditions, but the same reliability issues become intractable in WAN and global networkenvironments, where overall network management is totally lacking and instantaneousprocessing (for instantaneous correctness) is a physical impossibility due to delays. 2. Fault-tolerance. This is an acute concern for WAN-based interoperations. Since the globalinformation processing among distributed systems might be interdependent, disruptions at asystem would take place when any of those processings at other related systems fail or fail to send results back and reach the system. Many systems could therefore be renderedinoperable frequently.3. Real time process control. Manufacturing databases must support real time controlprocesses to be implemented on shop floor. The key concern for this requirement is two-fold: performance (time frame) and storage. The architecture should be amenable to workwith systems that do not possess mass storage capabilities. To satisfy stringent timeconstraints, local structure should always maximize parallel processing using self-reliantinformation.Amodel-based architecture was provided by the metadatabase model to effect flexibleintegration of multiple systems. The previous results [13,14,15] do not include sufficient details tosolve all of the problems discussed above. This research extends these results. The metadatabase model proposes that (1) the enterprise metadata include contextualknowledge and be structured and managed as an independent full-fledged database - thus, the termmetadatabase, (2) the inter-system operating knowledge be distributed into a concurrent shellsystem to effect interoperability at all three levels (file transfer, global query, and data andprocesses management), (3) a new criterion of correctness be employed without requiring a globalsynchronizer (which is optionally employed only for some mission-critical data that are designateddynamically and controlled by rules), (4) the metadatabase be commissioned as the enterpriseinformation manager which directly manages the metadata instances at the enterprise level (globalmodels and configuration logic), but only indirectly (through metadata) facilitates raw dataprocessing at the local systems level, and (5) the metadatabase-defined data replication is used as amechanism for both fault tolerant and real time process control over WAN/LAN environments.The metadatabase employs a distributed, rule-oriented shell system to interoperate with localsystems, embed necessary knowledge of integration (at all three levels) into local environments,and let these local systems operate thereafter with this knowledge. It intervenes only when theenterprise metadata are changed, so as to update the localized knowledge. Based on these extendedcharacteristics, the notion of metadata independence is defined to refer to the capability of an enterprise information manager being structurally neutral to multiple databases yet functionallysupportive of their adaptive and scalable integration. This notion is directly comparable to theclassical concept of data independence in single database with respect to multiple files. The research extends the previous rule-oriented shell system [1,13] to support the overallarchitecture integrating WAN and LAN with reasonable performance by incorporating fault-tolerantcapability. The major challenges and tasks include: (1) defining the rule-oriented shell systembased on WAN and LAN technologies such as client-server architecture and CORBA and (2)developing execution methods with fault-tolerance and real time processing to support the inter-operation of shells across LANs and WANs.3THE MODEL-BASED ARCHITECTURE3 . 1 The ConceptThe structural model of the architecture is depicted in Figure 1 [13,14,16]. Note that themetadatabase can be distributed both horizontally and vertically [12]. Thus, the structural modelshown in Figure 1 may be expanded recursively into a system of clusters of metadatabases andtheir local application systems. Each clusters might be based on an LAN, and the clustering ofthese clusters constitute the WAN environment. The major points from these citations can besummarized as follows. The metadatabase itself (a rigorously constructed collection of enterprisemetadata) provides an integrated enterprise model for the multiple information systems, theirdatabases, and the interactions among the different systems; i.e. the information contents and theircontextual knowledge. The metadatabase approach through the architecture (1) uses the enterprisemodel to assist end-users performing global queries free of both technical details and a hierarchy ofintegrated schemata; (2) distributes the contextual knowledge to empower these local systemsto update data and communicate with each other without central database control; and (3)incorporates legacy, new or changed local models into its generic structure of metadata to supportevolution without system redesign or recompilation. The shells in the architecture, therefore,implements the distributed (localized) knowledge which, in turn, is managed by the metadatabase.

Figure 2 illustrates the laboratory environments at Rensselaer in which the model-basedarchitecture prototype was developed.