1Cosmos: A System for Supporting EngineeringNegotiationWilliam MarkJon Dukes-SchlossbergLockheed Artificial Intelligence Center3251 Hanover St. O/96-20 B/254FPalo Alto, Ca. 94304(415) 354-5260mark@sumex.stanford.eduAbstractLarge scale engineering projects are created by teams of cooperating engineers who must share knowledgeabout the project as it evolves. Sharing of engineering knowledge is actually made more difficult by modernengineering environments. First, the computerized engineering environment requires that much of theknowledge sharing be on a tool-to-tool basis, rather than human-to-human. Computer tools (3-D modelers,analysis and simulation tools, etc.) have become the locus of much of the engineering information for aproject. These tools embody engineering assumptions and methods that are not understood in detail by theiruser engineers. Moreover, the tools use specialized internal representations that are not understood by othertools. Second, the connectivity enabled by the modern networked engineering environment greatly increasethe complexity of the interaction environment. It is virtually impossible for engineers to know who islikely to be impacted by their decisions, and what issues they need to negotiate. The Cosmos project ispart of a collection of research efforts that is creating technology to allow engineers to share knowledgeabout a design through their tools: when engineers modify a design, the tools they are using automaticallyprovide relevant updates to other engineers whose work is affected by the change. Cosmos’s role is tosupport engineering negotiation, illustrated here in the domain of active control of spaceborne structures.The paper describes the Cosmos Phase I implementation, which provides negotiation support for engineersfrom different disciplines cooperating on a design; lessons learned from Phase I, and our current activities inbuilding the Phase II implementation.1. IntroductionLarge scale engineering is distributed in terms of both space (teams are often geographicallydisparate) and time (decision making is often spread out over long periods of time --sometimes years). But engineers must share information in order to contribute to aproject. Engineers do not make decisions in a vacuum. Each decision is made in thecontext of a shared specification and implementation; and each decision must usually benegotiated with other engineers. Traditionally, the information that engineers needed toshare was in their heads and in documents. Cooperation among engineers was achieved byface-to-face meetings and exchange of documents.Cosmos is the effort of a team that includes Lori Ogata, Ray Johnson, James Hyde, Bob MacGregor, andSteve Mudry.

2Now virtually all advanced engineering takes place using computer tools that supportmodeling, analysis, simulation, process planning, etc. Much of the information that theengineers develop about a project is contained in their computer tools. Engineeringcollaboration must now involve the sharing of computer-based information. The past 20years has seen rapid advances in computer aided engineering technology, causing theproductivity of individual engineers to rise dramatically. Unfortunately, thecomputerization of engineering has actually made sharing of engineering information moredifficult in at least two ways:¥ Much of the information that must be shared resides only in the specializedrepresentations of different computer tools, each of which solves only partof an engineering problem. Engineers cannot be aware of the informationrequirements and capabilities of the tools, and therefore cannot beresponsible for managing tool-to-tool information sharing.¥ The large, distributed collaborative environment enabled by moderncomputation technology is complex and dynamic. Normal engineeringprocesses such as discussion and negotiation require computational support.1.1 Direct Tool-to-Tool SharingEngineering collaboration requires sharing of analyses, the assumptions underlying theseanalyses, and the specific methods used to compute the analyses. Much of thisinformation is not designed for presentation to the engineers. Say that a cable design toolis being used to automatically route a cable within an electromechanical device. In the leftpart of Figure 1 we see the engineer’s view of the information: a graphic that is meaningfulto engineers in terms of their external world. In the right part of the figure we see the tool’srepresentation of the information: a collection of data structures and algorithms that havebeen specialized to calculate routings and to produce the desired graphics. The tool canshow the result of its routing as a graphic display, and engineers will be able to discuss thisdisplay in a video conference -- but this is not the same as sharing the analysis thatunderlies the display. The assumptions on which the routing is based are contained in thedetails of the software. They are certainly not apparent from the graphic output, and theengineers are probably not aware of all of them.

3BOOL Adjacencies[NSIGNALS, NPORTS];int Types[NPORTS];HASHTABLE SignalNames, PortNames;u25408sig2sig1opcoutcable1cable2cable3cable4cable5u15409internal representation:engineer�s view:Figure 1: Tools keep much of their knowledge to themselvesThe engineer sees a cable routing generated from data structures in the tool; the underlyingassumptions and methods used to determine the routing stay buried in the software.Furthermore, the routing tool solves only part of the problem. Its results are most useful toother tools, which can incorporate those partial results into their analyses and simulations.It is the combination of the results of several tools that is of interest to engineers. Forexample, suppose that an engineer proposes moving the cable. One of the key reasons toshare engineering information is to identify the impact of proposed engineering changes.However, the data residing in any individual tool does not represent enough information todetermine the impact of the proposed change. The computer tool used to make theproposed change probably has a geometric representation of the cable, i.e., its datarepresents the cable as a collection of points in space. But determining the impact ofmoving the cable requires interaction with the structural analysis tool: moving the cable mayhave structural impact on other parts of the device. Moving the cable may also havethermal, electromagnetic, and other impact on other parts of the device. Other tools willhave appropriate thermal, electromagnetic, and other representations of the cable. It is thesum of the results of all of the relevant tools that contains the information that engineersneed to collaborate.The engineers cannot be responsible for incorporating the results of one tool into the otherones that need it. Since the underlying assumptions and methods of the tools are not easilyaccessible to the human engineers, they cannot know the consequences of feeding theresults of one tool into another. The tools must exchange information with each other, andmust incorporate this exchanged information into their own analyses or simulations withouthuman intervention.

41.2 Automated Information Flow and Negotiation ManagementThe collaborative environment is a complex place, with participants and roles continuallyevolving. It is difficult to determine which engineers should receive which information, inwhat form, and with what frequency. This includes the problem of deciding which toolsneed to exchange information in order to support a specific collaboration. For both human-to-human and tool-to-tool sharing, it is very difficult for individual participants to knowwho else in the environment should be receiving their ideas and results, and who else’sideas and results they should be receiving. If the cable design example mentioned abovewere part of a large, distributed project, it would simply not be feasible for the engineerwho wanted to move the cable to know which engineers are likely to be affected by thechange, and what information their tools need to determine the effects of the analysis.Similarly, on a large project it is simply not feasible for engineers to go through all of theproposed changes to see which ones are likely to affect them.It is therefore essential that the environment provide some help in automatically determininginterests and routing information to interested parties. This must be more than a simpleexchange of messages. Engineers do not simply exchange information; they negotiate,explore alternatives, look at previous designs, and so on. The environment must take arole in ensuring that all of the engineers required for a particular decision are involved in thedecision process, and that they (and their tools) have the right information at the right time.In summary, then, in the collaborative engineering environments that are now evolving,processes like negotiation require computational support, first, because much of theinformation that is being negotiated is embedded in the tools, and second, because thenumber and diversity of those tools creates an information environment that is too complexfor effective human comprehension and management.2. Tool Integration at the Knowledge LevelSupporting engineering negotiation in a distributed computational environment requires anew tool integration technology: The specialized representations of individual tools mustbe linked to a shared, explicitly represented terminology; tools must interact via aninfrastructure that supports incremental exchange of knowledge expressed in thisterminology; and this incremental exchange process must be managed to allow distributedengineers to participate in the same engineering process.

5Conventional approaches to integrating engineering tools depend on standardized datastructures and a unified engineering model, both of which require substantial (and oftenunrealistic) a priori commitments from tool developers. A collection of research efforts[PACT, SHADE, SHARE] is creating computational infrastructure technology to allowengineers to share information at the knowledge level: the environment provides a sharedknowledge base and mechanisms for managing information flow in terms of thatknowledge base. Engineers working on cable design can communicate with each otherbecause they share a common basis of knowledge about cables. They know that cablescontain wires or fibers, and thus carry signals; that they heat up, have weight and volume,cannot be stretched too far or bent too sharply, attach to ports, and so on. This knowledgeis much more than a dictionary; it is a knowledge structure or ontology [Gruber] thatdefines the key objects and actions in the domain, and the key relationships among them.Knowledge level integration is achieved not at the level of data structures and modelswithin the tools, but at the level of a shared communication language (that is, a system ofgrammar, vocabulary, and meanings) among tools. The vocabulary and meanings of thelanguage are defined by the ontology, which needs to represent only information that isuseful to other tools -- a small subset of all the data structures within the tool. Standardsfor knowledge level inter-tool languages are starting to emerge, e.g., KIF (KnowledgeInterchange Format) [KIF] and KQML (Knowledge Query and Manipulation Language)[KQML].The environment must also provide support for managing the communication process. Aswe have seen, it is not feasible to make individual engineers responsible for understandingwho needs to know what -- they cannot possibly keep track of the range of interests andcapabilities in a dynamically changing environment, especially for a project that lasts overmonths or years. Instead, the environment must provide automated information routing.If information routing is to be automatic, it must be based on the content of the information.The knowledge level inter-tool language makes this possible. All communication in theenvironment is in terms of KIF/KQML message interchange. Engineers and tooldevelopers create messages to inform the environment of their interests and the capabilitiesof their tools (expressed in KIF). The meanings of the KIF terms are defined in theontology. These messages also specify (in KQML) the way in which information is to begiven or received (via broadcast or direct connection, intermittently or periodically, etc.). If

6the situation changes (e.g., interests change or participants change their status in theenvironment), update messages are sent. Because these messages are expressed in theformal declarative KIF/KQML language, the meaning does not depend on the differentrepresentations of different tools, and can therefore be shared among all tools. Moreover,because the meaning is expressed in this declarative manner, special automatic routingagents in the environment can examine the content of the messages and route themselectively to participants that have expressed interest in that kind of information.But even automatic routing is not the whole solution. When engineers make decisions thataffect the work of other engineers (which means most of their decisions), they mustparticipate in a negotiation that allows other engineers to assess the impact of the proposeddecision. The engineers whose work is affected usually offer alternatives and discusstrade-offs. Engineers express new decisions and offer alternatives in terms of changes tocomponent descriptions. A key part of the engineering negotiation process is to determinewhich other components depend on the component being changed, who is responsible forthese components, which of them might have to change, and how difficult it will be forthem to change.When projects reach large scale (thousands of interacting components), these questions arealmost impossible to answer without computational aids. In the absence of automatedtechnology, engineering negotiation must rely on informal understandings (which worksvery well for small efforts, but not for large ones) or on rigid controls (which reducesengineering productivity). A few research efforts are beginning to create automatedinformation flow support technology by incorporating "coordination models" into theenvironment (e.g., [Petrie]). That is, interactions among participants are guided by a built-in model that provides a priori structuring of the interaction process based on theories ofhow engineering interaction works or should work. While this approach provides muchneeded organization for the information flow in a collaborative environment, the resultingorganization does not embody enough knowledge to support activities like negotiation.Cosmos is focusing on supporting the negotiation process by which distributed engineersagree on engineering decisions. Engineering negotiation is a sophisticated process,requiring knowledge about trade-off strategy as well as in-depth engineering knowledge.Cosmos does not perform the negotiation itself. Instead, Cosmos receives proposedengineering changes, automatically determines ramifications of the proposed changes, andthen presents a visualization of these ramifications to all engineers whose work will be

7affected by the proposed changes. This visualization forms a shared context among theseengineers for negotiating about the proposed change.3. Cosmos OverviewThe Cosmos work was motivated by our experience in implementing a demonstration ofthe knowledge level integration technology as part of PACT (Palo Alto CollaborativeTestbed) [PACT]. PACT experiments feature the distributed engineering and simulation ofthe Planar Manipulator, a small robotic device for positioning an object on a planar surface.Responsibility for engineering and simulation of the device has been parceled out amongfour independently developed systems: Designworld handles the electronic circuitry of thePlanar Manipulator, NVisage the software controller, Next-Cut the physical mechanism,and DME the power train.Simulation and engineering in this environment requires the interoperation of thesesystems. For example, during a PACT simulation, DME discovers that the motor wouldburn out if it were subjected to the simulated loads. It alerts the engineers to that fact,causing them to replace the existing motor with a larger one in the design. The engineerchooses a larger motor, and Next-Cut notices that this motor requires a larger drive shaft,and that a larger shaft hole must be engineered in the motor housing. Next-Cut then goeson to create a process plan to machine that hole.This interaction requires a great deal of knowledge sharing. But so far in PACT thisknowledge sharing has occurred "off line". What went on behind the scenes to developthis scenario, and is certainly not represented in computational form in PACT at all, was acareful negotiation to ascertain the feasibility and advisability of this set of engineeringdecisions. All of the human engineers got together to discuss the ramifications of the largermotor, determining for example that the motor housing would not have to be enlarged andthat the added weight of the new motor would not affect operation of the manipulator’seffector arms. These findings were critical: enlarging the motor housing or changing thedynamics of the arms would have required major changes in the rest of the manipulatordesign. The proposed change was allowed, but only because its effect on the existingdesign was determined to be acceptable. It is this process that we are bringing into thecomputational framework via Cosmos.

8In particular, Cosmos provides automated reasoning to support engineering negotiation.This reasoning involves management of commitment constraints, a subset of engineeringconstraints that determine whether a particular component fits into a particular design. Thecommitment types for any particular domain represent the constraints that are known to berelevant in determining the implications of component descriptions on each other. Forexample, in a mechanical domain, physical linkages, spatial relationships, and functionalroles define commitments. In an electrical domain, commitments are concerned withconnectivity, physical configuration, thermal, and radiation characteristics. In software,input/output, data access requirements, and control relationships represent commitments(for detailed examples, see [Mark] ).Commitments define a concept of locality with respect to engineering change: when acomponent description changes, the other components specified in its commitments are theones affected. Commitment relationships thus isolate a subset of the design that needs tobe considered for a single negotiation. In Cosmos, to ensure that components meetcommitments, component descriptions are organized dynamically into a coherentrepresentational framework that represents the "current design" as it evolves. This coherentframework is the engineering model. Cosmos represents the engineering model in Loom[MacGregor], and uses Loom to perform subsumption and constraint propagationreasoning over the engineering model to ensure that components meet each others’commitments in the face of change.Whenever a new engineering decision is proposed via one of the tools in the environment,Cosmos (1) determines the scope of impact of a decision in order to provide appropriatecontext for the engineers involved in negotiating a change; (2) produces a visualization ofthe scope of impact; and (3) presents this visualization to all of the stake holders to givethem an explicit shared context for negotiation.Cosmos assesses the impact of a proposed change via qualitative simulation [Forbus] onthe commitment relationships that include the changed element. For example, engineersmay want to determine whether a change in gimbal mass will cause the stress on a strut toexceed the maximum acceptable stress. In general, Cosmos will not have enough detail tocalculate the stress directly. It will, however, know that the stress varies proportionatelywith the mass and can thus determine whether the maximum acceptable stress level wouldbe affected by the change in mass, i.e., whether the stress level is within the scope ofimpact of the proposed change in mass.

9This kind of reasoning results in the determination of the neighborhood of interrelatedengineering elements that are relevant to this particular decision, which defines the scope ofimpact. Cosmos produces a visualization of this scope of impact neighborhood in the formof a "network browser" showing the relevant components and their interrelationships (seeFigure 6 below).Cosmos shows this visualization to the engineers who proposed the change in order toprovide immediate feedback: for example, if the engineers specify a change that leads toonerous commitments, they may wish to reconsider their proposal---one of the mostpowerful reasons not to change a design (or to change it) is to make it fit in with previousdecisions.So far the scope of impact visualization has provided feedback to the original engineersbased on the current engineering model---but this model will change as a result of thenegotiation required to incorporate the proposed change. To help manage this process ofchange in a distributed setting, Cosmos uses the scope of impact visualization to provide acontext for negotiation with other engineers. Therefore, once the original engineers areconvinced that they actually want to propose the change, Cosmos presents the scope ofimpact visualization to the other engineers whose components are within the scope ofimpact---the "stake holders." Rather than reacting to the proposed change in isolation, allof the parties involved share the same scope of impact visualization context for exploringdecisions. As different engineering groups propose reactions to the original change,Cosmos distributes the proposed updates to the shared context to all of the stake holders.The scope of impact visualization thus serves as a shared dynamic context in which allstake holders make negotiation decisions.Figure 2 depicts the architecture we have used for our Phase I implementation. Twoengineers, a gimbal engineer and a layout engineer, are working on the design of aspacecraft structure via their (very different) computer tools. The tools are linked togetherthrough the knowledge sharing infrastructure described in Section 2. Tools are attached tothe infrastructure via "wrappers", which include translators between the tool’s internallanguage and the KIF/KQML language of the infrastructure. Tools exchange informationthrough their wrappers in terms of KIF/KQML messages. These messages areautomatically routed to the tools of other engineers that have declared interest in the kind ofinformation found in the content part of the message (see [SHADE]).

10Cosmos is also part of the infrastructure, acting as a mediator [Wiederhold] for determininginformation that tools should be interested in, beyond the interests they have declared1.Cosmos examines all messages that suggest engineering changes (these are automaticallyrouted to Cosmos because Cosmos has declared interest in them). Cosmos uses itsengineering model and commitment-based reasoning to determine the scope of the impactof the change. This scope of impact is then used to produce a visualization. Finally, thisinformation is packaged into a KIF/KQML message, which is automatically routed to all ofthe tools that have declared an interest in any of the elements of the scope of impact -- amore complete set than those which had expressed interest in the original change messageitself. This forms the set of stake holders who must be involved in the negotiation. Thestake holders then negotiate on the basis of a shared context -- the visualized scope ofimpact that they now share. Cosmos monitors the ongoing negotiation, updating theshared visualization as decisions are proposed and made. All information is exchangedusing the message passing protocol.One of the goals of Cosmos, along with the other elements of the infrastructure, is to allowthe inclusion of tools into the infrastructure with a minimum amount of work required onthe part of tool developers or user engineers. The only additional burden added by Cosmosis a simple I/O manager as part of the wrapper, used to manage interaction with the on-screen visualization.CosmosContentBased RouterCosmos I/O ManagerWrapperpossiblechangemessageimpactanalysisI-DEASGE GraphicEditorTranslatorGimbalEngineerLayoutEngineerFigure 2. Cosmos Phase I Implementation Architecture1A travel agent is a familiar example of a mediator, using his or her knowledge of travel "capabilities"(routings, fares, packages, etc.) and client needs to provide clients with information that they were unawareof, but should have in order to make their decisions.

114. MACEThe first real test domain for Cosmos has been an experimental spaceflight program, theMid-deck Active Control Experiment (MACE), scheduled to be flown on the Space Shuttlemid-deck in 1994. MACE is a joint MIT / NASA / Lockheed research effort to investigateproblems common to flexible spacecraft in order to aid in the engineering of futuresatellites. Specifically, MACE will use active control to allow multiple payloads (e.g.,multiple telescopes) to coexist on a single satellite bus structure. Without active control,when one of the telescopes receives a ground instruction to point to a new location, ensuingvibrations in the bus structure caused by the moving telescope would significantly disruptthe other telescopes.The MACE engineering model maintained by Cosmos represents the components andinterrelationships defined in the current MACE design, including the current values forengineering quantities (e.g., masses, forces, stresses, etc.) within the design. All MACEcomponents and relationships are defined by one of the ontologies used by Cosmos. Theseontologies contain all of the engineering terms and their interrelationships known toCosmos.Figure 3 shows a fragment of the MACE engineering model, and its relationship with (aneven smaller fragment of) the ontology of structures. Strut1 is an element of the MACEdesign that is a kind of cylindrical object. By virtue of the definition of cylindrical object inthe structures ontology (fragment shown in bold), the MACE engineering model inherits aset of interrelationships that define key engineering quantities like "strut stress".Depending on the detail in which interrelationships have been modeled in the ontologiesavailable to Cosmos, engineering model links vary from actual equations to qualitativerelationships such as "directly linearly proportional", "directly non-linearly proportional",or simply "related". Note that the concepts in the ontologies are generic, and only have tobe modeled once to cover all designs within a specific engineering discipline.The concepts in the MACE engineering model are specific to that design. For example, theMACE bus consists of a specific set of struts and gimbals; the stress on strut in the MACEdesign is governed by an "acceptability constraint", which is in turn determined by a safetyfactor, and so on. Each of the terms in the model like strut, gimbal, and safety factor isdefined in a generic ontology, however the specific configuration of these terms, andspecific values of engineering quantities are specific to the MACE engineering model. In

12fact, any real design will be characterized by a collection of engineering models over time,since changes in the design lead to changes in the engineering model. Cosmos determinesscope of impact based on the existing engineering model, and changes the model to reflectagreed-upon engineering changes, in turn creating the next "existing" model.Commitments are defined within the ontologies (since they are properties of the engineeringdiscipline), and are thus inherited by the engineering models. All the interrelationshipsshown in Figure 3 are commitments.strut1 out.diameterstrut1 ins.diameterstrut1lengthstrut1 stressstrut1 end-ptforce outsidediameterinsidediameterlengthstress stress oncylindrical objectcylindrical objectMACE strut1end-pointforceforcedimensionslinearlyproportionallinearlyproportionalmax. stressacceptablesafetyfactorMACEbusMACEgimbal1MACEgimbal1 massmassF=malin.prop.lin.prop.inequalityFigure 3. Fragments of the "structures" ontology and MACE engineering modelRelationships in the MACE engineering model are inherited from the ontologyof structures (shown in bold above). Since "MACE strut1" is a cylindricalobject (the dark arrow indicates a subsumption relationship), all otherrelationships are inherited (solid lines are "roles" or "slots"; dashed lines arerelationships between roles).5. Example of Cosmos InteractionIn a scenario of Cosmos support, a gimbal engineer learns that the slew speed of theMACE gimbals must be increased (a payload is mounted on the MACE bus structure by a

13gimbal, which is responsible for pointing the payload via "slew" and other commandedmotions). To accomplish the faster slew speed, the gimbal engineer considers using adifferent, larger inside rotor within the gimbal . The engineer uses his tool (the IDEASsolid modeling and structural analysis system) to select a new inside rotor and see if it willdo the job. In the local world of the gimbal engineer, the problem is now solved.However, because the gimbal is only one part of the larger MACE design, the gimbalengineer must consider the impact of his decision on other engineers: The engineer mustchoose a replacement rotor that minimizes impact on the rest of the design, in order tofacilitate acceptance of this engineering change. That is, finding a rotor replacement thatfits in with the rest of the design is just as much part of the engineer’s problem as achievinggreater slewing speed.It is therefore in the engineer’s interest to explore the impact of his decision (and perhapstry alternatives) before actually proposing a change to the rest of the design team. Theengineer can use Cosmos to help him with this initial assessment of the impact of hisproposed change. The engineer is constantly interacting with IDEAS, making "edit-level"changes, running analyses, etc. Cosmos only enters the picture when the engineer reachesthe stage of having made a provisional engineering decision, which he signals byessentially saying "done" to the tool (the exact interaction is dependent on the tool, and ismonitored by the Cosmos I/O manager). Cosmos then provides the impact analysisautomatically, as part of the infrastructure. The engineer does not have to "call" Cosmos,or learn any new commands.When the engineer signals "done", the Cosmos I/O manager tells the wrapper associatedwith the IDEAS tool to format a possible change message that contains the engineeringparameters (gimbal mass, geometry, and dynamics) that have changed since the last "done"signal. This possible change message is then broadcast over the infrastructure andforwarded to Cosmos by the content-based router, since Cosmos has posted an interest inall engineering change messages (see Figure 4). Cosmos then examines the current MACEengineering model to determine the scope of impact of this change.

14CosmosContentBased RouterI-DEASpossiblechangeGimbalEngineerFigure 4. Step 1: Gimbal engineer explores a possible engineering changeThe gimbal engineer uses I-DEAS to define a possible engineering change.Cosmos has posted an interest with the content-based router so that it willreceive notification of such changes and be able to provide impact analysis.When Cosmos receives a possible change message, it creates a new context in which it canreason about this change without affecting the agreed-upon engineering model. Within thisnew context, the engineering model is updated with the new values for the possible change.In this case, the new larger rotor has caused a 10% increase in the gimbal mass value.Cosmos explores the commitments relating "gimbal mass" to the rest of the engineeringmodel in order to identify the scope of impact within the model. Some of thesecommitments are shown in the model fragment of Figure 3. For example, following one ofthe commitments from gimbal mass, Cosmos uses qualitative sensitivity analysis todetermine that, given the F = ma proportionality relationship between gimbal mass and strutend-point force, the strut end-point force quantity must increase by the same percentage themass has increased i.e., 10%.Cosmos goes on to explore the commitment between strut end-point force and strut stress.It determines that this value must also increase 10%, since strut stress is directly linearlyproportional to strut end-point force. Next it finds that strut stress is constrained to be lessthan the maximum acceptable stress. If the engineering model contains the actual values ofthese quantities (along with their interrelationships, as shown here), Cosmos can determinewhether the "acceptability" constraint would be violated by this change. Otherwise,Cosmos flags it as a potentially violated constraint (e.g., here the potential violation wouldbe that if the maximum acceptable stress is less than 10% of the previous stress value, theacceptability condition would be violated). This commitment evaluation processtheoretically continues until it "grounds out" in leaf nodes in the model. But Cosmosproduces the scope of impact for visualization a "page at a time", allowing commitmentevaluation to be a lazy background process.

15impactanalysisContentBased RouterI-DEASGimbalEngineerCosmosFigure 5. Step 2: Cosmos provides scope of impactCosmos provides the scope of impact of the possible change to the gimbalengineer, who decides to try a different alternative."Pages" are defined by proximity to violated or potentially violated constraints2. WhenCosmos computes a page’s worth of commitment evaluation information, it packages theinformation as an impact analysis message for routing back to the gimbal engineer (seeFigure 5). The Cosmos I/O manager for the gimbal engineer’s IDEAS tool then producesthe visualization for the engineer (see Figure 6). This visualization gives the engineerimmediate visual feedback on the ramifications of the change: each commitment must bemet, which means that the designated other parts of the design must be made compatiblewith the change in gimbal mass.max. stressallowablegimbalmassstrut1 end-ptforcestrut1 stressstrut1 out.diameterstrut1 ins.diameterstrut1lengthstrut1materialmax. stressacceptablesafetyfactorFigure 6. Visualization provided by CosmosLinks represent constraints; the dashed link (colored red on the actual Cosmosdisplay) represents the constraint violation or potential violation.2The definition of proximity here is somewhat complicated, as it depends on the characteristics of theengineering model in Loom (number of roles per concept, etc.), the fact that not all Loom concepts androles are visualized for the user (only those with specific relationships to pre-marked "visualizable"ontology elements are visualized), and user interface ideas of what size diagram is effectively visualizable.In any case, paging here is a computational convenience, not a theoretical statement.

16The visualization shows the engineer the context for negotiation with other engineers: aconstraint has been violated, and one or more of the design elements shown in thevisualization must be changed. Some of these elements are under the control of the gimbalengineer (e.g., the gimbal mass), while others are not (e.g., the strut diameters). Thegimbal engineer can thus see the context in which the negotiation will take place, and makea judgement as to whether the change is worth pursuing, or whether an alternative shouldbe tried. This page represents only one aspect of the context; the engineer may have to lookat several pages to get the full picture (for simplicity, only this page will be discussed here).In this case, the gimbal engineer decides from the feedback that other engineers will have ahard time accommodating the change in gimbal mass. He therefore uses IDEAS to explorean alternative: choosing a different inside rotor, one that is not optimal for his design, but isless massive. When he signals "done", the Cosmos I/O manager once again tells theIDEAS wrapper to send a possible change message, which is received by Cosmos.Cosmos creates a new context, evaluates commitments, and sends back a new visualizationpage (see Figure 7).ContentBased RouterpossiblechangeI-DEASimpactanalysisGimbalEngineerCosmosFigure 7. Step 3: Engineer tries againGimbal engineer tries an alternative possible change and receives a newvisualization.This process of trying possible changes and receiving visualization feedback may gothrough several iterations before the gimbal engineer believes that a given alternative meetsthe required functionality and will not be too onerous (or seems to be the least onerous) forother engineers to deal with. In this case, this occurs on the second iteration. The gimbalengineer has been using the negotiation context provided by Cosmos to determine howother engineers might react to his suggested change. Now he must actually negotiate thatwith the other engineers affected by this change, the stake holders.The advantage of the Cosmos approach is that along with the possible change, the gimbalengineer can share with the stake holders the context he has been using to explore the

17ramifications of that change. When the gimbal engineer decides to actually bring the otherstake holders into the negotiation, he signals through the IDEAS tool that he is ready toactually propose the change. The Cosmos I/O manager then tells the IDEAS wrapper tocreate a proposed change message, which is again received by Cosmos (see Figure 8). Thistime Cosmos will send the proposed change and scope of impact pages to all of the stakeholders, not just the gimbal engineer. Cosmos and the content-based router determine thestake holders automatically: the scope of impact shows which MACE elements are affectedby the change, and the content-based router knows the interests of the various MACEengineers (based on previously collected subscription information, see [SHADE]).Cosmos therefore send the proposed change, in context, to all of the stake holders.Together this information is used to make sure that all of the affected engineers receive theproposed change and the relevant scope of impact pages.The scope of impact can now be used by the other engineers as a context for agreeing withthe change (if it has only limited effects on their part of the design), or disagreeing with it(e.g., if it would require them to change a critical component). They can also agree withthe change contingent on a further change being made.GE GraphicEditorContentBased RouterproposedchangeI-DEASimpactanalysisGimbalEngineerLayoutEngineerCosmosFigure 8. Step 4: Gimbal engineer actually proposes changeThe gimbal engineer is satisfied that the second alternative is a viable option,and actually proposes it. Cosmos and the content-based router provide the scopeof impact to all stake holders.In this example, the only other stake holders are the layout engineers (see Figure 8).Given the scope of impact visualization in Figure 3, the layout engineers can quicklydetermine the negotiation variables: they have control over the strut inside diameter, strutoutside diameter, and strut length. If the maximum strut stress is violated, they canpropose a change to one or more of these engineering elements, or simply resist theproposed change. In any case, negotiation with respect to this scope of impact between thegimbal engineer and the layout engineers will continue until a resolution is reached, with

18Cosmos dynamically updating the scope of impact visualizations to reflect proposedchanges. In Figure 9, the layout engineers have decided to change the inside diameter ofstrut1, which will allow the strut to handle the somewhat higher gimbal mass withinacceptable stress limits. Cosmos distributes this new information to all stake holders: thescope of impact that they all share involves two linked change proposals.GE GraphicEditorContentBased RouterproposedchangeI-DEASGimbalEngineerLayoutEngineerCosmosFigure 9. Step 5: Change is conditionally acceptedThe layout engineer examines the proposed change via the scope of impact andproposes a change in his part of the design that will accommodate the proposedchange. Cosmos and the content-based router inform all stake holders of thenew scope of impact with the now linked change proposals.In this case, the layout engineers’ proposal is acceptable to the gimbal engineer, the onlyother stake holder, and the negotiation is complete. In general, if one or more of thestakeholders were not satisfied with this change, the negotiation would continue.Furthermore, new stake holders might be brought in if proposed changes start affectingother parts of the design. The complexity of engineering negotiation is inherent: Cosmosprovides structure, automatic discovery and inclusion of stake holders, and automaticsharing of negotiation context.5. ReactionsThe Phase I Cosmos implementation has been demonstrated to a wide audience. Thefeedback from the engineering community has been quite positive with respect to the keyelements of the Cosmos approach: engineers being able to experiment with alternatives inprivate before formally proposing the change; responsibility for involving stake holdersbeing undertaken by the computational environment; and automatic sharing of visualizednegotiation context being incorporated into the everyday engineering process. Largeproject engineers who have seen Cosmos have emphasized the role that higher level systemengineers take during engineering change negotiations. In this regard, the scope of impact

19visualization can also provide context for the system engineers to make informed decisions.In fact, the scope of impact visualization can serve as the major form of communicationbetween component engineers and system engineers, supplementing (or, better, replacing)formal engineering change notice procedures.Cosmos has also been of interest to the part of the computer science community that isaddressing the integration of heterogeneous software tools in distributed networkenvironments. In particular, Cosmos has provided an opportunity to test knowledge levelintegration concepts such as KIF, KQML, and content-based routing. Our finding hasbeen that Cosmos fits in well as a mediator in the computational infrastructure. Themessage-based interaction paradigm, the KIF/KQML languages, and the facilities of thecontent-based router have proven adequate for initial Cosmos needs, though the CosmosPhase I implementation led to several refinements and enhancements of this infrastructuretechnology.Finally, Cosmos Phase I has shown the need to expand and improve our representation ofengineering knowledge and the reasoning mechanisms that work on it. For example, in thePhase I implementation we restricted our representation of constraints to allowstraightforward modeling of MACE engineering knowledge with existing technology. It isclear from our experience and the demands of working engineers that we will have toprovide a more in-depth constraint representation and reasoning capability. Also, ourcurrent ontologies and model cover only a small portion of the total MACE design. Thesemust be significantly expanded in order to test the Cosmos concept at real engineeringscale.We are using our experience with creating and demonstrating the Cosmos Phase Iimplementation to inform the design of our Phase II system.6. Cosmos Phase IIFor Cosmos Phase II we are focusing on demonstrating that the Cosmos concept will workat the scale required to support large engineering projects. The major areas of advanceover Phase I will include: more powerful commitment reasoning, more well-foundedontologies, more informative visualizations of the scope of impact, and a higher bandwidthcommunication channel among engineering change proposers and stake holders.

20A key area under current investigation is the use of a more powerful commitment reasoningstrategy. Our underlying knowledge representation system Loom gives us access to apowerful classification mechanism as well as to more standard production rules and otherreasoning mechanisms. For the Phase I system, all commitments were represented interms of production rules due to limitations in the Loom’s constraint representation andreasoning capabilities. While production rules were adequate for Phase I, it is evident to usthat the approach will not scale up to the thousands of constraints that must be representedto capture realistically large engineering models. For Phase II, we are working with theLoom implementers on a declarative representation of commitments that can take advantageof the Loom classifier to propagate constraints and detect violations.Another area requiring considerable advance to enable scale-up is the use of externallyproduced ontologies. The Cosmos project is not intended to be a producer of engineeringontologies, but rather a user of engineering ontologies. For Phase I, we collaboratedminimally with ontology researchers to develop an ontology of MACE concepts and theirinterrelationships. For Phase II, we will be exploiting other engineering ontologies to agreater extent. For example, the engineering math ontology "units-and-dimensions",developed under the SHADE project [SHADE], is a likely candidate. Cosmos Phase IIwill in fact be a good test of the adequacy of the evolving technology of "portableontologies" (see [Gruber]).We also plan to improve the scope of impact visualizations that are presented to engineers.The current visualization presents a tree of commitments with each leaf node itselfpotentially being expandable into a sub-tree. While this visualization presents much of theinformation that engineers need, feedback from the Phase I implementation has shown thatit is not adequate. First, engineers have proposed presenting a visualization of the degreeof violation; e.g., telling the engineer not just that the stress on strut1 now exceeds themaximum allowable, but showing the engineer a visualization of how much the stress isover the limit. A second visualization extension involves merging or simultaneouslydisplaying more than one scope of impact pages. Since these pages are generated from acommon engineering change, there is often a significant degree of common information. Ifwe can determine perspicuous visualization of this multi-dimensional information,engineers will be able to much more rapidly assess the impact of a change in a large highlyinterdependent design. Also, we have some human factors work to do in terms of shapes,colors, and graph drawing algorithms.

21A final important area under current investigation is increasing the bandwidth of interactionamong engineers negotiating over a scope of impact. In the Phase I system, an engineerwould propose a change that would be forwarded to all other stake holders. The stakeholders have a limited set of actions open to them to respond to the proposed change: theycan accept the change, reject the change, or accept the change contingent upon an additionalengineering modification taking place. Further, while the original engineer viewspotentially several different scopes of impact in response to several alternative changes, thestake holders only view the scope of impact selected by the original engineer as the "best".For Phase II, this shared negotiation context will be expanded significantly to include allalternatives. One important motivator for this expanded scope of impact implementation isthat on large projects, it is very difficult for negotiation to occur at the same time for allstake holders. Once an engineer forwards scope of impact information to the stake holders,those other engineers should be able to navigate the scope of impact information,experiment with changes that must be made in addition to the original change, and receiveCosmos impact analysis information on the new changes. All of this interaction must takeplace in a shared environment -- that is, engineers must have navigation-level access to thealternatives and rationale of their fellow stake holders in the negotiation.7. References[Baudin] C. Baudin, et al., "Recovering Rationale for Design Changes: A Knowledge-BasedApproach", Proceedings of the IEEE Design Capture Workshop, Los Angeles, 1990.[Forbus] K. Forbus, "The Qualitative Process Engine", in Qualitative Reasoning about PhysicalSystems, D.S. Weld and J. deKleer (eds.), Morgan Kaufmann, San Mateo, CA, 1990.[Gruber] T. Gruber, "A Translation Approach to Portable Ontology Specifications", KnowledgeAcquisition, Vol. 5, No. 2, Pp. 199 - 220.[Grudin] J. Grudin, "Groupware and Coopertaive Work: Problems and Perspectives" in B. Laurel(ed.), The Art of Human-Computer Interface Design, Addison-Wesley, 1990.[KIF] M. Genesereth and R. Fikes, Knowledge Interchange Format Version 3.0 Reference Manual,Computer Science Department, Stanford University, Technical Report Logic-92-1, 1992.[KQML] T. Finin, et al., Specification of the KQML Agent Communication LanguageEnterprise Integration Technologies Technical Report 92-04, 1992.[Mark 92] W. Mark, et al., "Commitment-Based Software Development", IEEE Transactions onSoftware Engineering, Oct, 1992.[Mark 93] W. Mark, "Shared Dynamic Negotiation Contexts", in Proceedings of JJCAIWorkshop on Conflict Management, International Joint Conference on ArtificialIntelligence, Chambery, France, 1993.

22[PACT] M. Cutkosky, et al., "PACT: An Experiment in Integrating Concurrent EngineeringSystems", in IEEE Computer, Vol. 26, No. 1, January, 1993, pp. 28-38.[Petrie] C. Petrie, "A Minimalist Model for Coordination" in C. Petrie (ed.), EnterpriseModeling, MIT Press, 1994.[SHADE] J. McGuire, et al., "SHADE: Technology for Knowledge-Based CollaborativeEngineering", in Concurrent Engineering: Research and Applications, Vol. 1, No. 3,September, 1993, pp. 137-146.[SHARE] G. Toye, et al.,SHARE: A Methodology and Environment for Collaborative ProductDevelopment, Stanford Center for Design Research Technical Report 1993-0420, 1993.[Wiederhold] G. Wiederhold, "Mediators in the Architecture of Future Information Systems",IEEEComputer, Vol. 25, No. 3, Mar, 1992, pp. 38-49.