
Symposium on Computer-Integrated Concurrent Design, ASME Winter Annual Meeting, 1994DESIGN FOR MANUFACTURE IN MULTI-ENTERPRISE PARTNERSHIPS:CURRENT STATUS AND FUTURE DIRECTIONSDana S. NauInstitute for Systems Researchand Computer Science Dept.University of MarylandCollege Park, Maryland 20742 Michael O. BallInstitute for Systems Researchand College of Business and Mgt.University of MarylandCollege Park, Maryland 20742 Satyandra K. GuptaInstitute for Systems Researchand Mechanical Engineering Dept.University of MarylandCollege Park, Maryland 20742Ioannis E. MinisInstitute for Systems Researchand Mechanical Engineering Dept.University of MarylandCollege Park, Maryland 20742 Guangming ZhangInstitute for Systems Researchand Mechanical Engineering Dept.University of MarylandCollege Park, Maryland 20742ABSTRACTTo pursue market and technology opportunities e�ec-tively, US commercial and defense industries will be relyingincreasingly on multi-enterprise partnerships. Horizontalpartnering combines the strengths of multiple �rms in prod-uct design, manufacture, after sales support and customerservice, in order to launch superior products in the globalmarket. To support e�ective partnering, new approacheswill be needed for integrating the activities of design, plan-ning, and production. It is important to address both thefundamental modeling of design, process planning, and pro-duction planning in ways that account for the capabilitiesof potential manufacturing partners, and the developmentof optimization procedures to address the underlying deci-sion problems. This paper elaborates on these issues anddiscusses approaches for addressing them.1. INTRODUCTIONRecent world-wide political and �nancial events have in-tensi�ed the need to renew the competitiveness of the USmanufacturing industry. The means for enabling competi-tiveness include fast response to the market needs for newdesigns and re-designs, and the ability to manufacture prod-ucts at the right quality and at competitive costs.To pursue market and technology opportunities e�ec-tively, US commercial and defense industries will be relyingincreasingly on multi-enterprise partnerships [36]. Horizon-tal partnering combines the strengths of multiple �rms inproduct design, manufacture, after sales support and cus-tomer service, in order to launch superior products in theglobal market. To support e�ective partnering, new ap-proaches will be needed for integrating the activities of de-sign, planning, and production. As shown in Figure 1, someof the more critical issues include the following:� design from functional speci�cations, taking full advan-

tage of the capabilities of potential partners;� predicting design performance and manufacturability(i.e., product cost, quality, and lead time) with respectto partner manufacturing facilities, and suggesting de-sign changes to improve manufacturability;� developing alternative manufacturing plans, and select-ing optimal alternatives;� dynamic replanning to accommodate delays in pro-duction, changes in demand, and other unpredictableevents;� integration of design, process planning, productionplanning, and partner selection, to enable users to de-termine the impact of changes to the production lifecycle;� user interfaces that enable the user to analyze, evaluateand enhance the options suggested by the system andto make intelligent decisions;� database models and systems that facilitate integratedproblem solving, most particularly, problem solving bygeographically dispersed partners.To account for the capabilities of potential manufactur-ing partners, new aggregate-level models of designs, processplans, and production plans must be developed. For ex-ample, whereas a \traditional" process plan de�nes opera-tions to be carried out on certain machine types, a multi-enterprise, aggregate process plan would de�ne sets of oper-ations, or simply aggregate operations, to be carried out bymanufacturing plants. This point of view is re
ected in theaggregate, factory, and detailed levels shown in Figure 1. Itis important to address both the fundamental modeling of1
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AAAAAAFigure 1: Design for manufacture by multi-enterprise partnerships.design, process planning, and production planning in thiscontext and the development of optimization procedures toaddress the underlying decision problems.This paper elaborates on these issues and discusses ap-proaches for addressing them.2. COMPUTER SUPPORT FOR DESIGN AUTOMATION2.1. BackgroundTraditionally, the design process has involved two mainactivities: synthesis and analysis. Most current CAD toolsare geared towards analysis|but researchers have begun toinvestigate the possibility of automating some aspects ofsynthesis as well. Most of these activities can be classi�edroughly as follows:1. Catalog searching. Catalog-searching design problemsare problems which require selection of standard com-ponents. For example, as described in [37], a catalog-searching system might search though suppliers' prod-uct catalogs to select the suitable bearing for some ap-plication, once the designer speci�es the forces and di-mensional constraints. Systems have been developed todo this in academic settings. Currently, only a limitednumber of product catalogs are available on-line, butas more of them become available, we anticipate thatthese types of tools will gain more and more popularity.2. Parametric design. In this type of design problem, thephysical con�guration of the design is known or can bederived from the functional requirements [31]; one ex-ample of such a problem is the design of a transmissiontrain for a machine tool. In such problems, the designeris mainly concerned with choosing the appropriate pa-rameters for the design. Some successes have alreadybeen reported in automating this kind of design prob-lem, and we believe that it is a promising candidate forfurther automation.3. Creative design. In this case, the designer does notknow the physical con�guration of the design, and must

design it from scratch. This is the most di�cult typeof design problem.A signi�cant fraction of engineering design problems fallin the �rst two categories. Even in very complex designproblems, after the main con�guration has been synthesized,a signi�cant number of subcomponents can be designed us-ing either parametric design or catalog searching. Thus,future research in these areas will help in increasing theproductivity of the designer.For the third category, creative design, the situation ismore complicated. A signi�cant level of automation hasbeen achieved in certain problems, such as the design of in-tegrated circuits. For the problem of how to automate moregeneral mechanical and electro-mechanical design tasks, sev-eral research projects have reported interesting preliminaryresults (for example, see [42]). However, there is a strik-ing contrast between the relative success of automated de-sign techniques for ICs, and the relative lack of success ofautomated design techniques for mechanical and electro-mechanical devices.We believe that the primary reason for this discrepancyis that for mechanical and electro-mechanical devices, it ismuch more di�cult to decouple the interactions among thedevice requirements than it is for purely electrical devices.For example, changing the shape or size of a mechanicalhousing will change its strength and rigidity in ways thatmay be hard to predict without doing an extensive analysis(for example, using �nite-element techniques).Because of such interactions, automated mechanical de-sign appears to be at least as di�cult a problem as auto-mated process planning|and automated process planninghas turned out to be a much more di�cult task than was an-ticipated when work �rst began on generative process plan-ning more than ten years ago.For the above reasons, we think it is likely that the mostsuccessful approach will be not to try to automate the designtask completely, but instead to develop tools for critiquingthe design as it is being developed, to aid human design-2



ers in evaluating various design considerations such as theanticipated performance, manufacturability, and assembla-bility of the design. Tools for such tasks are already beingdeveloped [6, 23, 15, 12]. The next section discusses some ofthe research issues associated with the further developmentof such tools.2.2. Evaluating and Critiquing DesignsDesigners are being equipped with an increasingly widevariety of CAD tools for tasks such as �nite element analysis,mechanism analysis, and so forth. These help to increase thedesigner's productivity by reducing time-consuming build-test-redesign iterations. Most of these are analysis toolswhich examine whether or not the design violates variousconstraints (such as stress, acceleration, and so forth), with-out o�ering advice about how to improve a given design.However, techniques are being developed for analyzing adesign to �nd possible ways to improve it, and suggestingthese design changes to the user [23, 14, 12, 26, 39].As the concepts of concurrent engineering become in-creasingly popular, more and more downstream concernsassociated with various life-cycle activities of the productsare being pushed upward into the engineering design process[6, 41, 1]. This is stretching the limits of traditional designactivities, making the design task more and more complex.Analysis tools will be needed to help the designer to foreseepotential problems with a variety of life-cycle considerations,such as performance, producibility, reliability, maintainabil-ity, and so forth.In a multi-enterprise partnership, products often are de-signed by one company and are manufactured jointly withother companies|and sometimes, even portions of the de-sign task may be subcontracted to the manufacturing part-ners. In these situations, design critiquing systems will beneeded to o�er advice at two di�erent levels. Tools willbe needed during the preliminary design stage, to evaluatehow well the proposed design matches the manufacturingresources of di�erent potential partners, so that the opti-mal combination of manufacturing partners can be selected.Once this selection has been made, additional tools will beneeded to do detailed design critiquing, by utilizing cri-tiquing systems based on the manufacturing resources ofthe selected partners.Since each of these life-cycle considerations will requireits own specialized analysis it is likely that designers willneed to make use of a variety of critiquing systems at thesame time. As designers make increasing use of multiplecritiquing systems, there will be problems in coordinatingthese tools [28]. For example, the design that is easiest toassemble is not likely to be the design that is easiest to ma-chine. Thus if the designer follows the advice of a design-for-machinability tool, this may cause problems with assembla-bility, and vice versa. It will be necessary to develop waysto reconcile such con
icting objectives, so as to avoid givingthe designer confusing and contradictory advice.We use as a model for such a system the highly successfulCONSOL software package [10]. The heart of the CONSOL

system is a constrained non-linear optimization algorithm.The user is provided with a high degree of control over themanner in which this algorithm is applied. Speci�cally, thesystem displays the values of several objective criteria andallows the user to dynamically emphasize/weight these cri-teria in order to achieve an acceptable balance. While theoverall structure of the system matches the requirements foran e�ective multiple critiquing system, the underlying opti-mization algorithm does not. In the manufacturing designsetting, the user will typically be considering certain dis-crete alternatives (changes to the design). Thus, the under-lying optimization problem will be a discrete optimizationproblem and consequently a very di�erent algorithm andpresentation of results will be required. We are optimisticthat the development of such a system is within the range ofcurrent technology due to the recent advances and practicalsuccesses of discrete optimization techniques [35].2.3. Support For RedesignMany design problems are similar to design problems thathave already been solved. Such problems can be approachedby taking an existing desing and modifying it, rather thanproducing a new design from scratch. There are three maintypes of redesign problems:1. Redesign for minor di�erences in functional require-ments. In this type of redesign problem, the functionalrequirements for the new design have minor di�erencesfrom those of an already-solved design problem. Thistype of problem can be solved by retrieving the old de-sign and making the necessary changes to adapt it forthe new requirements. One example of such a problemis redesigning a gear box housing to accommodate alarger gear.2. Redesign for new manufacturing processes. As newmanufacturing processes are developed and becomecommercially viable, there is a need to redesign prod-ucts to take advantage of these processes. For example,engine blocks traditionally were manufactured usingcasting followed by machining operations. But as diecasting becomes a more economical process, the needfor lighter cars is leading designers to contemplate thepossibility of die-casted engine blocks. Although theseengine blocks will have very similar functionality towhat they had before, some redesign will be needed toadapt the old designs of engine blocks to the die castingprocess.3. Redesign for di�erent production facilities. The pro-duction facilities of each organization may change overtime. Sometimes, new facilities or technologies areadded; in other cases production facilities may be-come unavailable due to resource failure. Productssometimes need to be redesigned to accommodate suchchanges.4. Redesign to improve manufacturability. In all com-ponent design procedures, the design goes through a3



design cycle consisting of analysis and review of thedesign for cost e�ectiveness and quality. Ideally, thedesign review would take into account the capabilitiesand costs of the production processes to be used. How-ever, it is not always possible to do this for all facetsof the production process. After the component entersthe production cycle, experienced process planners andmachinists may discover that alterations in the designwould be bene�cial|but few companies have organi-zational structures that enable the design team to takeadvantage of this information. If tools were availableat the design stage to suggest design revisions for costcontainment, this would help in reducing the productrealization cost. Our work toward the development ofsuch a tool is described in [7].Case-based approaches [3, 42] have been used to supportredesign activities. In this approach, given the functionalrequirements for a proposed new product, a set of designshaving similar functional requirements are retrieved, in amanner quite similar to what is done in variant process plan-ning. Modi�cations are then made (either by a human or acomputer system) to the retrieved design, to accommodatethe new functional requirements. Two of the main issuesin this type of approach are (1) how to develop a suitablescheme for comparing the similarity of the two designs, and(2) how to determine what modi�cations to make to the de-sign. On the average, modifying an existing design shouldbe simpler than producing the new design from scratch|but theoretical results show that in the worst case, it cansometimes be just as di�cult [34]. Thus, these issues willrequire major e�ort if case-based redesign is to be successful.3. PROCESS PLANNING3.1. BackgroundThe two primary techniques for automated process plan-ning are the variant and generative approaches. In variantprocess planning, the process engineer uses a Group Tech-nology (GT) coding scheme to map a proposed design Dinto an alphanumeric code, uses this code as an index intoa database to retrieve a process plan P0 for a CAD designD0 similar to D, and then modi�es this process plan man-ually to produce a plan P for the design D. In generativeprocess planning, the computer system attempts to synthe-size the process plan P directly. For a survey of variant andgenerative approaches, see [17].Although a great deal of research has been done to tryto develop practical techniques for generative process plan-ning, very few generative systems are in industrial use, be-cause of the di�culty of devising computer systems capableof reasoning about the subtle problems that can arise incomplicated process plans.In process planning practice, variant techniques are thetools of choice: they currently support almost all practi-cal implementations of Computer Aided process Planning(CAPP). However, variant techniques also have limitations.If the part mix varies over time, then for a new proposed

design it may be di�cult to �nd existing designs in thedatabase that satisfy similar design speci�cations or requiresimilar manufacturing processes. Furthermore, if new man-ufacturing processes or machines are made available in aplant and none of the process plans stored in the variantdatabase use them, then the new processes and machinesmay be under-utilized unless the stored process plans aremodi�ed to use them.3.2. Hybrid Planning at Multiple LevelsA conceptual model for process planning is one of the keyissues in the concurrent engineering approach to productdevelopment. Computer-aided process planning (CAPP)functions must be modularized and distributed throughoutthe product and process design phases. For multi-enterprisepartnering, the traditional approaches of programming allplanning functions into a CAPP system which is used forafter-design and before-production activities will not workwell. In other words, simply interfacing results from existingCAD systems will not yield any useful tools for concurrentproduct development which requires design and planningfunctions be truly integrated at their task level. In this pa-per, we propose a new approach, namely, planning at theaggregate level.In most manufacturing environments, process planning isdone at two levels: the factory level and the detailed level.Factory-level planning is performed by a process engineerand includes a plan for a part throughout a manufactur-ing facility, leaving out the details of how to perform theoperations in the plan. Detailed planning, for example, isperformed by an n/c programmer and includes a plan for apart on a speci�c machine in the facility. However, to ac-count for the capabilities of potential manufacturing part-ners, process planning will need to be extended to incorpo-rate an additional third level, the aggregate level. Whereasa \traditional" process plan de�nes operations to be carriedout on certain machine classes, a multi-enterprise, aggre-gate process plan would de�ne sets of operations, or simplyaggregate operations, that must be carried out by factoryclasses. It is at the aggregate level that potential manufac-turing partners would be identi�ed and evaluated.Just as factory-level planning is done before detailed plan-ning, aggregate-level planning would be done before factory-level planning. We envision that the most e�ective approachwill be a hybrid approach that incorporates elements of bothvariant and generative process planning. More speci�cally,a hybrid approach to process planning would use varianttechniques to retrieve process plans for existing designs thatare similar to the new one, and use these plans as a start-ing point for synthesizing a �nal plan for the new design.Such a synthesis could be based on an analysis of the man-ufacturing processes involved|and this analysis could alsobe used to provide feedback about the manufacturability ofthe design. The primary steps would be as follows:Step 1. Given the new design D, retrieve (from a database)a set of plans P corresponding to an existing set ofdesigns D having some similarity with D. This step4



would be based on an extension of variant process plan-ning techniques; the primary extensions would be (1)replacing the usual (GT) coding schemes by a more
exible object-oriented approach for classifying and re-trieving plans, and (2) extending this approach be-yond the usual domain of strictly mechanical parts,to encompass a much wider variety or products. Asa �rst step in this direction, we have extended varianttechniques beyond the machining domain, to handleelectro-mechanical products [19, 18].Step 2. For the plans in P, identify changes that will beneeded to make them suitable for use in manufacturingthe design D, and make changes as may be appropriate.What kinds of changes to make would depend on thelevel at which planning is being done. For example, ifP0 is a plan in P for some design D0 in D, then hereare examples of possible changes to P0 at the aggregate,factory, and detailed levels:� Aggregate level. Suppose D contains a component(for example, a power supply) that is to be man-ufactured by subcontracting. Regardless of whatsubcontractor was used to produce this compo-nent in manufacturing the previous design D0,it may be advantageous to consult a current listof possible suppliers to decide who should supplythis component for D0.� Factory level. If new machines or processes havebeen added to the factory since the time that theplan P0 was written, then consider modifying P0to utilize them if this will signi�cantly improveperformance criteria for P0 (such as cost, time,and product quality).� Detailed level. If D has tighter tolerance require-ments than D0, then evaluate whether the pro-cesses in P0 will still be adequate, or whetherdi�erent processes or process parameters will beneeded to achieve the tighter tolerances. Whenappropriate, provide feedback information to thedesigner, suggesting the possibility of modifyingD's tolerance requirements to improve its manu-facturability.In order to perform such modi�cations, advances willbe needed in generative process selection, process mod-eling, and process simulation. To date, our work in thisarea has focused on generating and evaluating alterna-tive operation plans for machined parts [16, 15].Since Step 2 involves making modi�cations to the planretrieved in Step 1 (rather than constructing an entireplan from scratch), the plan-generation problem willbe signi�cantly more straightforward than full-
edgedgenerative process planning. Several of the recent ad-vances in feature-based process planning will be usefulhere [38], as well as possible adaptations [9] of AI tech-niques for case-based planning [3, 42] and plan modi�-cation [27].

This approach will produce one or more alternative plansfor D. Just as in variant process planning, these plans maystill need to be improved by the process engineer|but thegenerative plan modi�cations in Step 2 above will help toreduce the number of changes needed. Thus, this approachshould be able to combine the best features of variant andgenerative process planning, while avoiding the worst of theproblems that they have individually.4. MULTI-ENTERPRISE PARTNERINGIn addition to the challenges described above, concurrentengineering teams have to address the issue of synthesiz-ing the optimum network of partners that will contributeto the realization of the proposed product design. Partnerselection may no longer be performed by the purchasing de-partment alone. Within the emerging reality of horizontalpartnering, such decisions are becoming intrinsically cou-pled to the design activity. Furthermore, the enhanced roleof the concurrent engineering team poses unprecedented re-quirements to the design systems infrastructure in terms ofboth data modeling and data management. The inherentcomplexity and underlying subtleties of future partner se-lection call for new innovative models for supporting thesedecisions. These issues are discussed in the remainder ofthis section as well as in Section 5.4.1. Product and Enterprise Data ModelingSupporting concurrent engineering decisions within amulti-enterprise network calls for comprehensive informa-tion about product designs and manufacturing partners. Forproduct data, it is imperative to move beyond the electronicrepresentation of engineering drawings to the representa-tion of life cycle product attributes. In addition, intelligentmethods to access product information from the databasesof multiple enterprises are required. On the other hand,critical facility data should be described by a standard infor-mation model that will capture manufacturing capabilitiesand performance as re
ected by product cost, quality andresponsiveness.Background: product information models. Standard prod-uct representations, that can be freely shared and oper-ated upon by di�erent applications, are essential for prod-uct design and realization by multiple partners. The IGESproduct information model, which is currently the standardoutput of CAD systems, does not ful�ll the data needs ofthe concurrent engineering activities described in this paper.For example, generative process planning and manufactura-bility evaluation cannot rely on the IGES CAD output; theyrequire higher level product views that include, but are notlimited to, material characteristics, manufacturing featuresand tolerance data. Such product views are currently syn-thesized by the various application programs and are speci�cto their concerns.The STEP e�ort [25] appears to address these concernsadequately and shift the representation burden from the ap-plications to the product information model. STEP com-prises a number of \resources" on which a standard higher5



level product view, or application protocol, can be based.Such generic resources include the geometry and topologyschemata as well as the form features model. On the otherhand, an application protocol is speci�c to the product typeunder consideration and includes information that is perti-nent to its design and manufacture. Application protocolsinclude higher level entities, which are de�ned through thegeneric resources. For example, the application protocol forprinted wiring assemblies [24] includes manufacturing fea-tures that are speci�c to the processes employed in theirmanufacture, such as plated passages. The latter are de�nedthrough generic form features, which, in turn, are de�nedusing geometrical and topological entities. Thus, a limitedset of resources can be used to build standard, high level,product information models.We have used STEP to develop a manufacturability eval-uation methodology for microwave T/R (transmit/receive)modules [19]. Our study indicated that STEP models willbe able to address most of the needs outlined above. How-ever, only a few of the generic "resources" are fully devel-oped, and a handful of application protocols are in the de-velopment stage and have not been adequately tested. Inaddition, no mature tools exist to develop the necessarydatabase schemata and populate engineering databases. Al-though the development of standard information modelsis an industry-led activity, we feel that it is necessary toincorporate and test such models in concurrent engineer-ing research and especially in studies that focus on multi-enterprise partnering.Manufacturing plant information model. A standard infor-mation model is also necessary to capture the productioncapabilities and performance attributes of a manufacturingplant. This information is essential in developing the aggre-gate and detailed process plans of a candidate design (seeSection 3.2) and in evaluating its manufacturability with re-spect to the capabilities of candidate partners (see Section2). Representing plant information in a uni�ed way will alsofacilitate the objective selection of the optimum partneringoption.The description of a plant's manufacturing capabilitiesshould consist of a comprehensive, structured representa-tion of its manufacturing processes, the related manufactur-ing equipment and its key attributes, along with additionalcharacteristics describing cost, quality and responsiveness.It is probably advantageous for the model to be hierarchicalin order to provide for e�cient data searches. The �rst de-composition of the plant model may be made on the basisof the manufacturing processes available, e.g. casting andmachining (departmental level.) This level may be furtherdecomposed into functional groups; for example, machin-ing may include turning and milling. The functional groupsmay, in turn, be decomposed into the actual manufacturingequipment. Physical attributes will be employed to de�neeach entity. For example, a lathe may be characterized bythe maximum travel of its X and Z axes, the maximumspindle speed and the power of the spindle motor, and theaccuracy and repeatability of the tool motion.

In addition to the physical descriptors of each entity,attributes that characterize manufacturing performance interms of cost, quality and responsiveness should be de�nedas applicable. For example, quality information may includestatistical process control limits and process capability in-dices at the equipment level, and yield at intermediate levels.Quality management data closely related to the informationcaptured by the ISO 9000 standard may be included at theplant level of the model. On the other hand, responsivenessmay be characterized by a distribution function. For ex-ample, the on-time delivery performance of a plant may bequanti�ed by 80% of orders on-time, 95% of orders on timewithin 3 days from the due date, and 99% on-time within aweek from the due date.We have already performed work in this area that has fo-cused on modeling the manufacturing processes employed inthe production of T/R microwave modules [19]. Additionalstudies to develop a comprehensive manufacturing modelare under way.4.2. Selection of PartnersThe manufacturability evaluation approach described insection 4 will enable a concurrent engineering team to eval-uate the manufacturing complexity, approximate manufac-turing cost and cycle time, and achievable quality of theirdesign with respect to the capabilities of a multiplicity ofpotential manufacturing partners. This evaluation will bebased on the alternative process plans developed by themethodology described in Section 3.2, and will consider theinformation captured in the partner manufacturing model.We note that the selection of an aggregate process planshould be made concurrently with partner selection sincethe merits of a process plan can only be evaluated relativeto the manufacturer who will carry it out. Clearly, there isa need for new models to support these decision problems.Such models would select an aggregate process plan andwould assign activities to either in-house plants or speci�cpartners. In addition, the sequence of activities and 
owof materials among plants and partners would have to bedetermined. In assigning an activity to either an in-houseplant or to a partner two classes of criteria would have tobe considered:1. the merits of assigning a particular activity to a par-ticular plant or partner.2. the overall merits of the activity assignments whenviewed as an integrated system.Some issues that might be considered under (1) includecost, quality and cycle time. Any procedure used shouldrecognize that some important criteria, for example one ofseveral criteria that might appear under quality, might behard to quantify.A variety of issues might be considered under (2). Over-all product cost and cycle time will be greatly a�ected bytransportation requirements between partners and the cor-responding logistics. The capacity of individual partners6



relative to overall required throughput must be evaluated.System relaibility issues should be considered. For example,it may be desirable to include requirements for \partner re-dundancy" to avoid too great a dependency on any individ-ual partner. In order to restrict overall system complexitya constraint on the maximum number of partners could beimposed or the geographic area within which the partnerplants should belong could be speci�ed.Any solution procedure should take into account the va-riety of measures of system quality as well as the qualita-tive nature of some criteria. For example, the user shouldbe able to guide the search for the optimum by providingpreferred performance attributes. The user should be alsoable to examine the recommended alternatives at any de-sired depth. Multi-objective optimization techniques, suchas those supported by the CONSOL system [10], as well asmethods based on fuzzy sets may be appropriate to solvethe partner selection problem. The latter is particularly at-tractive, since they support decisions based on qualitativecriteria, such as \low cost," \superior quality," and \shortcycle time."An additional advantage of having established and as-sessed alternative production options is the capability toreact, in case of cost overruns or time delays during the ex-ecution of the preferred production plan. If such deviationsare excessive, then re-planning may be necessary and theremaining alternatives should be re-examined. Re-planningis more complex than the problem of selecting the optimumset of partners. The production state, as well as cost andtime constraints should be considered in this case. We in-tend to enhance our research in production planning usingPetri nets [21] to address this problem.5. DATABASE ENVIRONMENTS FOR MANUFACTURINGOne important consequence of many of the issues we havediscussed is the need to model and solve integrated prob-lems that had previously been solved as independent sub-problems. Such integrated models will be of little practi-cal value without the ability to e�ciently access the dis-parate data they require in a common format. To addressthis important problem, research is needed into the devel-opment of database technology speci�cally oriented towardmanufacturing problems. In particular, it seems clear thatthe object oriented (OO) data model and database envi-ronment are well-suited for manufacturing systems manage-ment. Many of the problems associated with the use ofrelational databases to support manufacturing applicationssuch as CAD, motivated the development of the OO datamodel [13]. Because of this, much work has already beencarried out in the OO modeling of manufacturing data forspeci�c design problems. We propose the development ofOO data models and environments that allow for the inte-gration of broad classes of manufacturing design data. Workaddressing these issues will require the de�nition, within theOO paradigm, of the structural and behavioral aspects ofmanufacturing data. It will also require close considerationof both the various on-going manufacturing data standards

activities, e.g. the STEP standard, and the structure of ex-isting data environments, e.g. MRP data. (We note thatcertain standards activity in the area of telecommunicationssystems [40] explicitly de�ne OO model structures.) Finally,since one of the principal features of OO database systems isthat they store both the processes of the modeled system aswell as the data, it will be necessary to model manufactur-ing design processes and the manner in which the processesinteract with the data.We now describe the areas in which we feel this work willhave the most signi�cant impact on manufacturing design.� Integrated models can have easy access to disparate datasources. The most immediate and obvious consequenceof database work will be to provide various design pro-cesses with access to disparate data sources in a com-mon format. This will unburden the designers and im-plementers of design procedures from the \overhead"of constructing interfaces for a variety of data sourcesand sinks.� Group decision making tools and communications tech-nology can be brought to bear on the work of con-current engineering teams, most especially geographi-cally dispersed groups. A fundamental component ofmulti-enterprise partnerships and virtual factories isthe solution of design problems by teams that are, inmost cases, geographically dispersed. There is cur-rently rapid technology development both in the areasof group decision making tools and high speed com-munications systems. These two technologies taken to-gether allow, at least in principal, for geographicallydispersed teams to work closely together on manufac-turing design problems. Appropriate data models anddatabase systems are the \glue" that will allow thesetechnologies to be brought to bear on manufacturingproblems. By developing design and planning toolssimultaneously with the appropriate database environ-ment the transition to distributed problem solving willbe much easier.� Complex interprocedure data 
ows and algorithmic con-structs such as feedback, can be e�ciently and accu-rately implemented. As was mentioned above, a veryimportant aspect of the OO model is the fact that pro-cesses as well as data are stored in the database. Thiswill allow for a very precise de�nition of all characteris-tics of the data 
owing into, out of and between the var-ious design and evaluation procedures discussed previ-ously. The system structures necessary to support thealgorithmic feedback loops shown in Figure 1 could bede�ned within such an OO model. Of particular noteis the potential support of interactive man-machine de-cision support capabilities. For example, features suchas versioning of intermediate solutions, [2] which is fun-damental to the design of man-machine systems, couldbe readily implemented using OO database constructs.� Manufacturing design and control systems can be7



closely coupled. If one considers telecommunicationssystems, where OO database technology is consideredfundamental to future network management, it couldbe argued that the use of advanced database technol-ogy will have a greater impact on manufacturing con-trol systems than on design systems [22].Speci�cally, \active" database features which triggerthe execution of processes in real time in response tocertain conditions, are powerful constructs from a sys-tem control point of view. In this paper we do not in-tend to discuss in detail the area of manufacturing sys-tem control. However, it seems clear that OO databasesystems would not only individually improve manufac-turing control and manufacturing design systems, butalso provide an environment for a tight integration ofthe control and design sub-systems.6. CONCLUSIONSUS manufacturing industries are relying increasingly onvirtual manufacturing enterprises organized around multi-enterprise partnerships. To develop tools to support suchactivities, advances will be needed such as the following:� the development of data environments in which inte-grated models can have easy access to disparate datasources;� the development of hybrid variant/generative ap-proaches for process planning;� the development of aggregate-level models of designs,process plans, and production plans.� the development of optimization models for evaluatingmanufacturing alternatives, analyzing tradeo�s to �ndthe best overall balance among con
icting design andmanufacturing goals.Research on these issues will serve as the basis for pow-erful concurrent engineering tools for providing feedback ondesign performance and manufacturability, and for evaluat-ing production alternatives taking into account the capa-bilities of potential partners. Such tools are necessary tostreamline the synthesis of partnerships in pursuit of tech-nological and market opportunities. Tools of this type, to-gether with advances in telecommunications and databasesystems would provide an infrastructure for fast, e�ectiveformation of multi-enterprise partnerships that could pro-vide a signi�cant competitive advantage for U.S. �rms inthe 1990's and beyond.ACKNOWLEDGEMENTSThis work has been supported in part by NSF GrantsNSFD CDR-88003012, IRI-8907890, and DDM-9201779,and by US Army TACOM Grant DAAE07-93-C-R086.REFERENCES
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