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AbstractA basic ingredient of Concurrent Engineering (CE) is that all aspects of the prod-uct's life-cycle should be considered as early as possible during design. A key idea thathas been adopted for the implementation of CE is the use of a team, in which eachmember is an expert on some aspect of the product in a phase of its life-cycle. In ourwork, we use a team of software agents. Our goal is to study in detail the interactions,con
icts and con
ict resolution that is possible with such a multi-agent system. Theapproach is to use Single Function Agents (SiFAs), each of which can perform a veryspecialized task, from a single point of view. The ability to represent expertise withdi�erent points of view is very important in design. These di�erent points of view usu-ally cause con
icts among agents, and these con
icts need to be resolved in order forthe design process to be successful. Therefore, agents need to be capable of detectingand resolving these con
icts. This paper presents a model of con
icts and negotiationsin the SiFA framework. A hierarchy of possible con
icts is proposed and the steps ofthe negotiation process are discussed.Short Title: Con
icts and Negotiation in SiFA-based Design SystemsKeywords: Con
ict, Negotiation, SiFA, Parametric, Critics, Selection, Design
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Introduction1 IntroductionA basic ingredient of Concurrent Engineering is that all aspects of the product's life-cycleshould be considered as early as possible during design. For example, both Packaging andRecycling should be considered at product design time. This idea was developed in responseto a \linear" approach that considered design, then manufacturing, then assembly, etcetera.This approach delays the discovery of the possibly negative impact that design decisions mayhave on the later phases of the life-cycle.By considering these later phases of the life-cycle during the design process, it is possibleto quickly discover and compensate for problems that might have occurred at a later time ina linear approach. This converts problem discovery from a linear pattern to a more parallel,or \concurrent" one, thus saving time and e�ort.In order for early consideration of later stages of the life cycle to be given at design time,it is necessary for a great deal of knowledge to be available during the design process. A widevariety of types of expertise are required to cover all the phases. Consequently, a key idea forthe implementation of Concurrent Engineering is the use of a team, in which each memberis an expert on some aspect of the product in some phase of its life-cycle. Members of such ateam will have di�erent goals and di�erent knowledge, and varying degrees of specialization.1.1 Single Function AgentsOur work uses software agents instead of human agents. There is not intended to be a 1-1correspondence between software agents and human agents. If any correspondence were toexist it would be that a group of software agents correspond to the reasoning of a singlehuman agent.Our goal is to study in detail the interactions, con
icts and con
ict resolutions that arepossible with such a multi-agent system. This work is not meant to literally simulate a realCE team, but rather to try to discover what is at the core of a team's decision-making. Weare concerned with the \primitives" of knowledge and reasoning for design, redesign, andcon
ict resolution.Other work on multi-agent systems that do design has tended to use large agents withpowerful capabilities and large quantities of knowledge (e.g., for example [12]). With somuch power and knowledge it is hard to discover what is essential in the system. Althoughresearch with large agents is very valuable, it has other goals.In our approach we have stripped down each agent to an extremely simple form, in orderto more closely study the behavior of the team, the functionality required, the interactionsthat are possible and necessary, the amount and types of knowledge needed, and the con-
icts that occur. In this way we can build a better understanding of design agent con
ictmanagement.Taking the multi-agent paradigm to such an extreme results in Single Function Agents(SiFAs), where each agent performs a single function in the design process and thereforecontains knowledge that is very specialized. As with a human team, each SiFA will have3



Introductiondi�erent goals and di�erent knowledge. As each SiFA does far less than a normal teammember, many more agents are required. Current SiFA research focuses on parametricdesign.SIFAs are not the same as the large-grained agents in systems that try to incorporatelegacy systems, such as constraint solvers, or data-base retrieval engines [10], as althoughthose have restricted functionality they are usually very general, and may not be knowledge-based.1.2 Con
icts and NegotiationThe use of agents brings with it the possibility of con
icts. Although it may be possibleto build a system where all con
icts are resolved during development time, in most designproblems this is either impossible or extremely di�cult.There are many advantages of run time con
ict resolution. Such interaction supportsconcurrent engineering. Con
icts and their resolution cause the behavior of the system toemerge from the requirements of the particular problem at hand. The system is more 
exibleand does not su�er from the brittleness problem of traditional expert systems.One way of resolving run time con
icts is for the agents to negotiate. This is the mostgeneral and 
exible way of resolving con
icts. With SiFAs, many more con
icts becomevisible, due to the small size of each agent | con
icts can't appear and be resolved withinan agent. This is very important if we wish to understand the essence of con
ict management.1.3 COSINE: A Wine Glass DesignerOne goal of this research was to build a single function agent based design system to demon-strate the capabilities and restrictions of negotiation in the SiFA paradigm. Consequently,a simple wine glass designer called COSINE was implemented. The wine glass domain issimple enough to enable building a prototype in a short amount of time, yet it is complicatedenough to demonstrate all the power of a SiFA system plus the richness of the possible con-
ict situations. It is important to note that the wine glass domain and the COSINE systemare for purely illustrative purposes. Other SIFA-based systems have been (and are being)built [6].At present, each SiFA acts on a single parameter. In COSINE, the parameters of thedesign are cup radius, cup thickness, stem length, stem radius, base radius, and base thick-ness. There are many constraints among these parameters. For example, the ratio betweenthe cup radius and the base radius has to be within certain limits so that the cup is stable.Also, the cup radius has to be within certain limits so that it holds a reasonable amount ofliquid. Similar constraints exist involving other parameters.4



Selected Previous Work2 Selected Previous Work2.1 Agents and Multi-Agent SystemsIn recent years there has been increased interest in agent based systems. The conceptof an agent has become important both in Arti�cial Intelligence (AI) and in other �eldsof Computer Science [20]. Agents also have a direct in
uence on Distributed Arti�cialIntelligence (DAI) research because of their potentially concurrent nature [1]. Many di�culttasks, including design, have parallel decompositions that result in easier subtasks thanserial decompositions. Parallel decompositions allow opportunistic collaboration among thesubtasks.2.2 Con
ict ResolutionKlein [7] suggests a model of con
ict resolution having a hierarchy of con
icts with themost abstract con
icts at the top and most concrete con
icts at the leaves. There is acorresponding hierarchy of resolution strategies, resulting in domain dependent and domainindependent con
icts and their associated resolution strategies. The nodes higher in thehierarchy represent the domain independent con
icts while the lower nodes become moredomain dependent.Klein's agents all have their own design knowledge and con
ict resolution knowledge [8][9]. The agents have di�ering design expertise, but their con
ict resolution knowledge isidentical.Other recent work on Con
ict Management can be found in an AI EDAM special issue[14].2.3 NegotiationNegotiation is a common approach to con
ict resolution in the design domain. Sycara de�nesnegotiation to be the process by which resolution of inconsistencies is achieved in order toarrive at a coherent set of design decisions [16] [15]. The negotiation process proceeds withgeneration of a proposal, generation of a counter proposal based on feedback from dissentingagents, and then communication of justi�cations and supporting evidence [16].In Sycara's model there are four con
ict situations where negotiation is used. Theseare where di�erent agents make con
icting recommendations for a parameter value, a valueproposed by one agent makes it impossible for another agent to o�er consistent values forother attributes, a decision of one agent adversely a�ects optimality of other agents, andwhere alternate approaches achieve similar functional results.Lander and Lesser [12] use the negotiated search paradigm for con
ict resolution amongheterogeneous and reusable expert agents in their TEAM framework. This paradigm allowsagents to be both logically and implementationally heterogeneous.Werkman's Designer Fabricator Interpreter (DFI) is a system where agents with di�erentpoints of view cooperatively evaluate di�erent suggestions for a design parameter [19]. Unlike5



The Single Function Agent ParadigmSiFA systems, DFI uses an arbitrator as a means of central control through which agentscommunicate.Polat et al [13] describe a problem-solving environment that supports multi-agent con-
ict detection and resolution. They include a 
owchart that describes the general con
ictresolution process between agents. This has many similarities with our approach, discussedin section 6.6.2.4 Single Function AgentsAlthough there has been a lot of work done on multi-agent systems, Single Function Agents(SiFAs) are a relatively new way of building multi-agent systems. So far, three systems havebeen developed.The �rst, I3D [17], was a system that integrated part design and manufacturing planproduction for Powder Processing applications. The agents were carefully sequenced, andall possible con
icts that might occur were anticipated in advance and removed duringdevelopment of the system.The second system built was I3D+ [18]. It had agenda-based scheduling of the agentsand allowed con
icts about the values of parameters to occur among agents. The con
ictswere classi�ed into six types depending on the relation between agents' local goals and theglobal goal.SNEAKERS [3] was built to train users in Concurrent Engineering. The user interactedwith agents that had di�erent functions and points of view.Based on these systems, SINE was developed as a platform to build multi-agent designsystems using SiFAs [2]. It was possible to simulate the negotiation behavior of I3D+ usingSINE.3 The Single Function Agent Paradigm3.1 What is a SiFA?A SiFA is an agent that performs a single function on a single target from a single point ofview [4].The function performed by a SiFA determines its type. At present only a limited numberof functions have been used for design problems. We conjecture that a set of agents withthese functions is su�cient for most design problem solving activities, although we admitthat this is far from clear for more conceptual design activities.These agents types are:Selector: Selects a value for a parameter by picking a value from a list of possible values.These are usually suitable for discrete valued parameters.Advisor: Produces a value for a parameter by some means other than picking a value from6



The Single Function Agent Paradigma list. Advisors are more suitable for real valued parameters. Advisors and selectorsare the agents where most of the design knowledge is stored.Estimator: Produces estimates of values for a parameter. Unlike selectors, estimators canwork with insu�cient information, so the values they produce are just estimates ofwhat the �nal value should be.Evaluator: Evaluates the value of a parameter, producing a value of goodness for thatvalue, usually represented as a percentage.Critic: Criticizes values of parameters by pointing out constraints or quality requirementsthat are not met by the current values.Praiser: Praises values of parameters by pointing out why the values are desirable.Suggestor: Suggests what to do to remove an existing con
ict or to avoid a con
ict alto-gether.The target of a SiFA is a single parameter of the design. In the case of wine glass design,the targets include cup radius, and stem length.The point of view of an agent is some aspect of the design that the agent considers whiledoing its work. Usually, the point of view of the agent is a goal that the agent is trying tosatisfy or optimize. Examples of points of view for agents in wine glass design are cost (asin all design, the cost should be minimized), style (the glass should look nice), stability (thecup should not fall over because of a very large cup and a small base), and volume (the cupshould hold a reasonable amount of liquid).In the SiFA paradigm, an agent is characterized by a single function, a single target,and a single point of view. In contrast to agents that perform general tasks, such as anequation solver, SiFAs are very specialized knowledge based agents. A naming conventionfor individual SiFAs is to specify the target �rst, then the point of view and lastly, thefunction. So a selector whose target is the cup radius and is trying to maximize stability ofthe cup is a cup radius stability selector.SiFAs implement the basis of Concurrent Engineering, i.e., early consideration of aspectsof the product's life-cycle, by allowing agents, such as selectors and critics, to represent thepoints of view of these aspects at any decision making point in the design. Hence a decisionabout a length might be made from the points of view of packaging and of maintainance,and criticized from the point of view of cost.3.2 Communication Between SiFAsAnalogous to team members talking to each other, SiFAs communicate by sending each othermessages. Each agent can communicate directly with any other agent without the need foran arbitrator. The communication language used is based on KQML (Knowledge Query andManipulation Language) [11]. Even though agents exchange messages directly, the currentstate of the design is stored centrally and is accessible to all agents in the system.7



Extensions to the SiFA Paradigm3.3 The Control MechanismThe SIFA research makes very little commitment to the system architecture to be used, asthis is not currently the primary focus of the work. However, for current implementationsan agenda mechanism is used to schedule agents. Agents are polled by the agenda and eachagent indicates what it wants to do. Based on the replies, the agenda orders the agentsaccording to the importance of the tasks they will carry out; e.g., con
ict detection andresolution is more important than doing design. Then the agenda gives control to thatagent. When the agent's work is �nished, the cycle is repeated.4 Extensions to the SiFA Paradigm4.1 The Parameter BlockIn previous work with SiFAs, the critiques, praises, or evaluations they produced were notstored separately. This prevented some potential, realistic actions of agents. This workextends the SiFA model to represent all value, estimate, criticism, praise, and evaluationentities separately, as �rst class objects. Being a �rst class object means that critiques,praises, and evaluations have the same status as the value of a design parameter. They areall directly accessible and they can all be the target of an agent. This is done by havingvalue, estimate, criticism, praise, and evaluation entities organized in a structure called theparameter block, shown in �gure 1. There is a block for each parameter. These blocks arestored centrally.* * * FIGURE The parameter blockThe root of the parameter block is the name of a parameter. The �rst level of referencehas two entities. These are the parameter's value and estimated value. In the current modelthere can be only one value and one estimate at any time.The second level of reference has evaluations, criticisms, and praises of the value andthe estimate. These entities are said to reference the value or the estimate. There can bemultiple criticisms, praises, and evaluations of the same value or estimate.The third level of reference has evaluations, criticisms, and praises of second level eval-uations, criticisms, and praises. These entities refer to the second level entities which referto the �rst level entities. These chains of reference uniquely determine what each entityrefers to. So at the third level, there exist entities such as the evaluation of the criticism ofthe value of the parameter. The third level entities typically contain meta-level informationabout the design. Once again, there can be multiple evaluations, criticisms, and praises ofthe same second level entity.It is also possible to imagine this structure growing into fourth, or even �fth level refer-ences. Although what the contents of such entities might be is not immediately obvious, themodel allows such information to be represented if it is meaningful in any design problem.8



Extensions to the SiFA ParadigmIt is clear that any complete model of the formation, detection and resolution of con
ictsbetween agents with di�erent points of view needs to be able to represent and reason aboutthe information in at least the �rst three levels of the parameter block.4.2 Targets of AgentsWhen all entities are represented as �rst class objects, they can all be the target of an agent.This means that the target of a critic is no longer just the name of a parameter, but morespeci�cally, it is a criticism entity, such as the criticism of the evaluation of the estimate.Each agent can act on, or modify, the contents of its target. So a critic can store a criticismin the critique entity that is its target (Figure 2), and an evaluator can store an evaluationin the evaluation entity that is its target (not shown).* * * FIGURE Estimate evaluation criticsThere can be more than one criticism of the evaluation entity, from di�erent points ofview. In that case there would be one agent for each of these criticisms, shown as Critic1and Critic2 in �gure 2. These critic agents would have di�erent points of view and di�erenttargets, as they are acting on two di�erent entities. It is also possible for two critics to havedi�erent points of view but the same target as is the case with Critic2 and Critic3, if it isnot necessary to store both criticisms produced.Only one value and one estimate are possible at any time in a parameter block, unlikeevaluations, criticisms, and praises. There may be more than one selector or estimator agent,with di�erent points of view, that have the same estimate or value as their target. This isalso shown in �gure 2. Note that this may lead to a con
ict.4.3 Knowledge in a SiFAThe knowledge that has to be present in a SiFA is determined by the tasks the agent hasto carry out (shown in �gure 3). Each agent has to have knowledge about how to performthese tasks.* * * FIGURE The knowledge contained in a SiFAThe types of knowledge can be roughly divided into three categories. The �rst onecontains design and redesign knowledge. The design knowledge allows the agent to carryout its main function which may be one of selection, estimation, evaluation, criticism orpraise. The redesign knowledge is used when the agent has to produce a value, estimate,evaluation, criticism or praise after it has already produced one. This is necessary whenthe �rst entity produced causes a con
ict in the system and the agent is asked for anotherduring negotiation. This situation is explained in section 6.The second category contains con
ict indication, detection, and classi�cation knowledge9



Hierarchy of Con
ictsthat is used to carry out the respective tasks of con
ict handling. These typically involvechecking if some constraints which are internal to the agent, referred to as internal constraintsare violated or not. These tasks are explained in detail in section 6. The knowledge in thiscategory also includes the knowledge of the types of con
icts in which the particular agentcan be involved.The third category consists of negotiation strategy selection, re�nement, and executionknowledge. This category of knowledge enables the agent to negotiate with other agentsin con
ict situations. Negotiation strategies and the associated tasks are also explained insection 6.5 Hierarchy of Con
ictsThe con
ict hierarchy for SiFAs is shown in �gure 4. The nodes represent con
ict types.Each node is a specialization of its parent node and therefore inherits all of its properties.The root node, labeled con
ict, encompasses all con
ict types. Since advisors and selectorsare involved in similar con
icts, we use the term selector to refer to both types in thishierarchy.* * * FIGURE The SiFA con
ict hierarchyIt would be possible to change the order of the criteria used at each level to specializethe con
icts. However, the hierarchy presented here does the best job of grouping commonaspects of con
icts into a single, more general node. The hierarchy is structured mainlyby the way the con
icts manifest themselves, since in the SiFA paradigm this also providesinformation about the underlying cause of the con
ict. The following sections describe thehierarchy of con
icts in detail.5.1 Criticizing an EntityThis type of con
ict occurs when a critic is not satis�ed with the entity it is watching over.It produces a criticism and initiates a con
ict. The entity being criticized is the one thatis the critic's target. This situation is shown in �gure 5. These con
icts are referred to ascriticism con
icts.* * * FIGURE Criticizing an entityFor this type of con
ict a value, estimate, evaluation, criticism, or praise entity may becriticized. The next level of specialization of the hierarchy di�erentiates con
icts into threebased on the type of entity being criticized. 10



Hierarchy of Con
icts5.1.1 Value/Estimate CriticismIn this group of con
icts, the entity being criticized is a value or an estimate. There aresimilarities between these two entities because there can be at most one value or estimate ofa parameter at any time. Currently, the criticism of a value or estimate may be one of toohigh, too low, wrong units or too imprecise.This group can further be broken down into two subgroups where the criticized entity isa value, and where it is an estimate, resulting in con
icts between a critic and a selector,and between a critic and an estimator, respectively. Both types of con
ict are initiated bythe critic.5.1.2 Evaluation CriticismAn evaluation may be criticized because it is too imprecise, too high, or too low. All con
ictsof this type are between an evaluator and a critic. The con
ict is initiated by the critic.5.1.3 Critique/Praise CriticismJust as for any other entity, it is possible to have criticisms of either criticism or praise. Sucha criticism may be one of too negative, too positive, too imprecise, or not substantiated. SiFAsare probably unique in their ability to express and act on this sort of meta-level knowledge.Such con
ict-based interactions provide information that may enable learning to take placein the CE team. This is an area of current research [6].This con
ict type may be divided into two groups, criticizing a critique, and criticiz-ing a praise, resulting in con
icts between two critics, and between a critic and a praiserrespectively.5.2 Incompatible SuggestionsIf there are two or more agents with the same target, or if there is a relationship betweenthe targets of two agents, then there is a possibility for con
ict among these agents. If theresults of these agents are not compatible in some way, there is con
ict. These con
icts arealso referred to as incompatibility con
icts.Similar to the left hand side of the hierarchy, the next level of specialization is based onthe entity that is the subject of the con
ict. Here, the subject of the con
ict is not what thecriticism refers to, but it is the target of the agents suggesting incompatible values, estimates,evaluations, etc. Analogous to the right side of the hierarchy, the con
icts are divided intothree groups.5.2.1 Value/Estimate IncompatibilityIncompatible suggestions for values and estimates can occur in two ways. The �rst is whenthere are two agents with the same target and the suggested values, or estimates, are incom-patible. This will cause a con
ict because only one value (or estimate) may be stored in the11



Hierarchy of Con
ictstarget entity. This situation is shown in �gure 6. Both agents have to be the same type,selector or estimator. So the con
ict is between two selectors or two evaluators. The pointsof view of the con
icting agents have to be di�erent.* * * FIGURE Incompatible suggestions for the same value/estimate entityThe second kind of con
ict can occur between two entities across parameters. Thishappens when the value of one parameter is not compatible with the value of the otherparameter as shown in �gure 7. The two value entities have to be in di�erent parameterblocks since each parameter can have only one value entity. This type of con
ict is possibleonly between two selectors. As a simple example, consider the case in the wine glass designwhere the a base radius selector generates a value for the base radius and then checks theinternal constraint that the base radius has to be greater than the stem radius. If thisconstraint is violated, then the base radius selector will be in con
ict with the stem radiusselector.* * * FIGURE Incompatible suggestions for di�erent value entities5.2.2 Evaluation IncompatibilityIncompatible suggestions for an evaluation entity occurs when two evaluators with di�erentpoints of view have the same evaluation entity as their target, as shown in �gure 8. Thiskind of con
ict will occur only between two evaluators.* * * FIGURE Incompatible suggestions for an evaluation5.3 Critique/Praise IncompatibilityTwo kinds of con
icts are possible in this group. One kind is when two critics, or two praisers,with di�erent points of view have the same target. This situation, shown in �gure 9, is verysimilar to incompatible evaluations. Both agents have to be the same type, so the con
ictoccurs between two critics or two praisers.* * * FIGURE Incompatible suggestions for the same critique/praise entityThe other kind happens when there is an incompatibility between a criticism and a praiseof the same entity. In this situation, shown in �gure 10, the targets of the agents in con
ictare di�erent but the targets refer to the same entity. In other words, the criticism and thepraise of an entity are not compatible. This con
ict occurs between a critic and a praiserand can be initiated by either of them. The agents in con
ict have to have targets in the12



SiFA Negotiationssame parameter block at the same level of reference, since the incompatible critic and praiserefer to the same entity. This con
ict is not meaningful across parameters.* * * FIGURE Incompatible suggestions for di�erent critique/praise entities5.4 Domain IndependenceAlthough this hierarchy is very �ne grained, it is highly domain independent. There isn'tanything that is particular to any domain such as mechanical or electrical design in thehierarchy. It applies equally to all design problems that can be solved by SiFAs. Thisproperty allows us to investigate what type of knowledge is needed for each type of con
ict,to form a more precise picture than already exists for multi-agent systems in a CE setting.The hierarchy could be expanded for another level from the leaf nodes by specializingbased on the points of view of agents participating in the con
ict. If some points of viewcan be grouped together into classes that are present in all domains, such as manufactura-bility, durability, and cost, then the additional level of the hierarchy would again be domainindependent. Any further specialization, for example, one that involves parameters, such asstem length in the wine glass design, would certainly be highly domain dependent.The con
ict taxonomy is structured by how the con
ict occurs. An alternative is to struc-ture con
ict hierarchies by the fundamental underlying causes of the con
icts. Heuristic clas-si�cation approaches derive much of their power from structuring the diagnostic taxonomiesin this way. Currently we believe that SiFAs are �ne-grained and specialized enough to bevery close to the cause of each con
ict. Interaction with the con
icting agent should re�nethe agents' knowledge of the cause. Further work is required to fully con�rm this belief.This issue is important as a precise classi�cation of each con
ict should provide indexing forretrieval of an appropriate remedy for that con
ict.6 SiFA NegotiationsThe system has to go through several steps during a con
ict. These are Indication of apossible con
ict, Detection of the con
ict, Selection of a negotiation strategy to use, andRe�nement of that strategy. The actual negotiation is simply the execution of the selectedstrategy. All of these steps put together is called the negotiation process. The result of theprocess is either a solution to the con
ict or the signaling of a failure.Some of the steps in the negotiation process are very trivial in the SiFA paradigm sincethe con
icts are very well de�ned and the number of di�erent kinds of con
icts an agent canbe in is very limited. All of the steps are explained in the following sections.13



SiFA Negotiations6.1 Con
ict IndicationAgents need to be able to notice situations where there is the possibility of a con
ict. Thisact of realizing a potential con
ict is called con
ict indication. Con
ict indication is a verysimple task for the agents in the SiFA paradigm. Each time an agent acts on its targetby modifying it, the state of the overall system changes, therefore there is potential for acon
ict. How a possible con
ict is indicated depends on the general con
ict categories towhich it belongs.6.1.1 Indication of a Criticism Con
ictCon
icts which are caused by the criticism of an entity, the ones on the left hand side ofthe con
ict hierarchy, are noticed by the critic producing the criticism. Each time a criticproduces a criticism, there is a con
ict indication.The production of a criticism may also cause an incompatibility con
ict if the targetentity holding the criticism is already storing a critique. This is discussed next.6.1.2 Indication of an Incompatibility Con
ictWhenever an agent acts on its target by producing a value, estimate, evaluation, praise, orcriticism, it checks to see if there is the possibility of a con
ict.For an agent to indicate a same entity con
ict, all of the three conditions given belowhave to be satis�ed:� The target entity already contains a value, estimate, evaluation, critique, or praise,� The owner of the entity (the agent who put in the old contents) is not itself (the agentacting on the target now), and� The old content of the entity is not identical to the new one the agent is attemptingto store in the entity.If all these conditions are true, the agent notices the possibility of a con
ict and \indi-cates" it. The indication of a con
ict does not mean that there is necessarily going to be acon
ict. This is the work of the con
ict detection knowledge.6.2 Con
ict DetectionThe agent that indicates a con
ict is responsible for determining whether there actually is acon
ict. Suppose there is a 0.01% di�erence in the values proposed by two di�erent selectorsfor the value entity of a parameter. Unless that value is extremely sensitive, this smalldi�erence does not constitute a con
ict. Thus indication of a con
ict does not necessarilymean that there is actually a con
ict.Con
ict detection, for human or SiFA, is a knowledge based task and it is not alwaystrivial. How detection works in the SiFA paradigm depends on whether the con
ict is acriticism con
ict or an incompatibility con
ict.14



SiFA Negotiations6.2.1 Detection of a Criticism Con
ictAs soon as a critic produces a criticism it has to decide if that actually signals a con
ictor not. This is usually an easy task since the critic knows the reason why it produced thatparticular criticism. If the criticism was due to the violation of a hard constraint that testssome physical properties or user requirements, then there is probably a con
ict. On the otherhand, if the criticism just re
ects a preference, then there is no con
ict. The criticism stayson the blackboard and the agents whose targets were criticized may take it into considerationif they wish.6.2.2 Detection of an Incompatibility Con
ictDetecting an incompatibility con
ict requires more knowledge and is usually a more compli-cated task than detecting criticism con
icts. There are three possible cases.Same Entity Con
icts: Once the agent notices that what is already stored in its targetentity is not identical to what it wants to store, and indicates a con
ict, it has to decideif the two are compatible. If they are, then there is no con
ict although they may not beidentical.For example, suppose a design parameter can take on continuous numeric values, and itscurrent value has been set to 5.00 by selector A. If later, selector B calculates a value for thesame parameter from a di�erent point of view and comes up with 5.01, it indicates a possiblecon
ict, but has to do more work in order to decide if there is indeed a con
ict. SelectorB needs to know how sensitive the value of the parameter is. This sensitivity also dependson selector B's point of view. If allowing up to 1% changes in the value of the parameter isacceptable by selector B, then there is no con
ict. Selector B can leave the value as 5.00.Similar situations can occur with other agent types and entities.For agents to be able to detect incompatibility con
icts, they need appropriate knowledge.Target entities may be numeric or symbolic. Value entities would be numeric for parameterssuch as length, but symbolic for parameters such as color or material. Estimates wouldgenerally be of the same type as the value of the parameter. Evaluations may be symbolicsuch as good, average, bad, or numeric if the quality is measured as a percentage. Critiquesand praises may contain both numeric and symbolic information.If the target entity is numeric, then the agent should have either a percentage or a �xedvalue by which the numeric value, estimate or evaluation it produces may be relaxed. Forexample, a selector wants the value to be 50, but can relax 10%, so anything between 45and 55 is �ne.If the target entity is symbolic, there are two possibilities. If there is an ordering to thesymbols, such as bad, average, good, then the agents can have a constraint such as \anythingbetter than average is acceptable". If there is no ordering to the symbols than the agentsneed to have a list of symbols that they �nd acceptable.Di�erent Entities Within a Parameter Block: Detecting this kind of con
ict is thesame as detecting con
icts involving one entity as far as the knowledge based reasoning isconcerned. The di�erence is that the agent is not comparing something that is already in its15



SiFA Negotiationstarget with what it wants to store, but is comparing it to some other entity in the parameterblock.This means that agents need to know what entities have the potential to be incompatiblewith their targets. This is not a big problem since critics and praisers are the only kind ofagents that can get into such con
icts because of incompatible criticisms and praises of thesame entity.Di�erent Entities Across Parameter Blocks: This case is very similar to detectionof con
ict involving entities within a parameter block. The only di�erence is that onlyselectors can have such con
icts. This means that selectors need to know what values arerelated to the value they are producing and check for the constraints between these values.6.3 Con
ict Classi�cationAfter an agent detects a con
ict, it has to decide what kind of con
ict it is. This is avery simple task in the SiFA paradigm, as each agent can be involved in a very limitedset of con
icts. Also, the detection process already gives the agent enough information toimmediately classify the con
ict as one of the leaf nodes of the con
ict hierarchy.If a critic detects a con
ict after producing a criticism because some hard constraint isviolated, then it knows that it is involved in a criticism con
ict. It also knows if the con
ictis about a value, estimate, evaluation, criticism or praise. The type of the agent with whichit is in con
ict follows immediately from the entity type | e.g., a value entity means thatthe other agent is a selector. Finally, it can easily �gure out which particular agent it is incon
ict with by inspecting the owner �eld of the entity that is the subject of the con
ict.Similar reasoning allows the agents to deal with incompatibility con
icts as well.6.4 Negotiation Strategy SelectionA negotiation strategy is a body of knowledge, usually representable by a set of rules, thatallows the agent to carry out a negotiation. After a con
ict has been detected and classi�ed,the SiFA that detected the con
ict has to start negotiating, as the initiator, with the con-
icting agent, referred to as the partner. In order to do that, it has to select a negotiationstrategy. The partner also has to select a strategy.In the context of SiFAs, since the con
icts an agent can be involved in are very speci�c,the number of strategies an agent can have for any con
ict are also limited. As the numberof con
icts an agent can be involved in is also small, the total number of strategies it needsis small as well. Usually a SiFA has a single strategy to deal with a certain con
ict, butmore than one strategy for a single con
ict type is also possible.If an agent has a single negotiation strategy for the con
ict it is in, then the strategyselection task is trivial. If the agent has more than one strategy for a particular con
ict,then it needs a criteria to select its negotiation strategy. This criteria may be the point ofview of its partner or the particular value, estimate, evaluation, criticism, or praise that isthe the subject of the con
ict. For example, it might choose its negotiation strategy by using16



SiFA Negotiationsa rule such as \if the di�erence is less than 10% use strategy 1 else use strategy 2".The partner also needs to select a strategy. The partner can classify the con
ict basedon the �rst message it receives from the initiator. This message identi�es the initiator, itstarget, and what the con
ict is about. The partner is aware of its own target, so when itreceives the �rst message in the negotiation, it is able to classify the con
ict. Then it canselect a negotiation strategy in a fashion similar to the initiator.It is also possible for agents to switch from one negotiation mode to another during theexecution of the negotiation strategy, based on the interaction with the other agent.6.5 Negotiation Strategy Re�nementThe negotiation strategy selected may still be a generalized strategy that has to be instanti-ated by giving values to some variables of the strategy. The main reason why an agent wouldhave generalized strategies is to save space. The agent may need a few di�erent strategiesfor a type of con
ict, and if these strategies are very similar except for a few minor points,then it is better to have only one generalized strategy rather than storing all these similarstrategies separately.Another reason why a generalized strategy may be useful is if the agent does not haveenough information to select a strategy before the negotiation starts. In this case, theagent can start negotiation using the generalized strategy and then instantiate it during thenegotiation as more information becomes available.6.6 Negotiation Strategy ExecutionAfter con
ict indication, detection, strategy selection and re�nement, the agents are �nallyready to negotiate. The negotiation consists of the initiator's and the partner's execution oftheir respective strategies. Examples of simple strategies, and their potential for supportinglearning, are described in [6].It is possible for these strategies to clash, so that the agents will not be able to reachan agreement. In such a case either the con
ict will not be resolved, or one or both agentswill change their strategies during the negotiation. The change of strategy is explained insection 6.7. At present we have not studied the case where no resolution is possible.6.6.1 Negotiation GraphsIt is possible to represent a negotiation between two SiFAs using negotiation graphs. Anegotiation graph shows all possible sequences of messages sent and the actions performedby the agents involved in a particular kind of con
ict.The start node of the graph shows the message sent by the initiator of the con
ict. Apath through a negotiation graph starting at the start node and ending at a node withoutany outgoing arcs is a full transcript of a possible negotiation. Whenever there is more thanone outgoing arc from a node, this means that the negotiation can proceed in any one of17



SiFA Negotiationsthose ways. Which one of those arcs is taken depends on the state of the particular agentsinvolved in the negotiation.Figure 11 shows a negotiation graph for a con
ict between a critic and a selector. Whatthis graph indicates is that the critic asks the selector for alternatives and the selector eitherprovides more alternatives or asks the critic to relax its constraint. If the selector proposesan alternative value, the critic may still disagree, and if the critic relaxes its constraint, therelaxed constraint may still be violated. So the negotiation process is a cycle of proposals ofalternatives and constraint relaxations. The negotiation either ends in success if the criticis satis�ed with the value, or in failure if the critic cannot relax its constraint any more andthe selector can give no other alternative values.* * * FIGURE Selector-Critic negotiation graphIt should be noted that the negotiation graph does not give any information about theorder of constraint relaxations by the critic or of the alternative proposals by the selector.This is dependent on the respective agents and the strategies they use. The selector mayuse one of the following strategies | greedy, maximally cooperative, or a mixture of the two.For example:� When asked to supply an alternative value, decline and ask for a relaxation immedi-ately,� When asked to supply an alternative, give alternatives until there are no more possiblealternatives, only then ask for a constraint relaxation,� Supply alternatives and ask for relaxations in an interleaved manner, possibly givingone alternative and asking for a relaxation before giving another alternative.Similarly, the critic may use one of these strategies:� Wait for a \no more alternatives" message from the selector before relaxing a constraint,� Relax a constraints before asking for alternatives,� Relax constraints and ask for alternatives in an interleaved manner, possibly doing onerelaxation and asking for one alternative before doing another relaxation.Figure 12 shows another negotiation graph, this time for a con
ict between two selectorswith the same target. As for the selector-critic con
ict, the selectors can ask each other foralternative values or constraint relaxations in any order that is dictated by their respectivestrategies. The left and right halves of the graph are identical except that the roles ofselector1 and selector2 are reversed.* * * FIGURE Selector-Selector negotiation graph18



Evaluator-Critic Criticism Con
ict ExampleNegotiation graphs are helpful when building SiFA negotiation knowledge, since thegraphs show all messages that the agent will need to respond to and all possible answersthat it can give to a speci�c message, for each con
ict type that it can be involved in. Sincethe con
ict situations in the SiFA paradigm are very well speci�ed, the negotiation graphsare fairly small and easy to build. The drawback of using negotiation graphs is that theyget very complicated very quickly if we allow the agents to use a larger vocabulary so thatthey can talk about things other than alternatives and relaxations.6.7 Changing Negotiation ModesAgents have the ability to change their negotiation strategy during negotiation. Whatprompts an agent to change its mode of negotiation is the interaction with its partner or itsown internal state.An example of changing modes triggered by the interaction is when a selector changesits negotiation strategy depending on whether it receives a message asking for an alternativevalue or a message asking for a constraint relaxation.An example of changing modes prompted by an agent's internal state is when a selectorchanges strategy when it runs out of alternatives. At that point it can go into a don't caremode meaning that it does not care what the value of the parameter is and the other agentcan have any value it likes. This is possible if the agent's point of view is not very critical,such as style or colorfulness as opposed to strength or cost.6.8 Emergent BehaviorThe negotiation graphs do not fully determine how a negotiation will proceed since there aremultiple paths through a negotiation graph. The particular path followed in a negotiationdepends on the context in which the con
ict occurred, the particular strategies of the involvedagents, their internal knowledge, and their internal states. There is also the possibility ofchanging negotiation modes during negotiation.This means that the the negotiation behavior of the agents cannot be predicted accuratelyin advance and the systems behavior as a whole will emerge at run-time as a function ofthe negotiation capabilities of the agents in the system. Furthermore, if each agent is builtwithout a priori knowledge of the full negotiation graphs, then it is not possible to predicteven the general structure of the negotiations before run-time. This is further complicatedby the possibility of negotiation being a�ected by praise or critiques of the values beingdiscussed (see [6]).7 Evaluator-Critic Criticism Con
ict ExampleThis is a con
ict between the cup radius value evaluator from the volume point of view andits critic, as shown in �gure 13. This example is taken from COSINE, the SiFA based wineglass designer. 19



Evaluator-Critic Criticism Con
ict Example* * * FIGURE Criticism of an evaluationCOSINE was developed using CLIPS (C Language Integrated Production System) version6.02 which is an expert system building tool. Detailed information about CLIPS is availablein [5]. The development platform for COSINE was a DEC Alpha 3000.The agents implemented in the cup radius block in COSINE are shown in �gure 14. Sincethe evaluation of the value is a second level entity, the criticism of that evaluation is a thirdlevel entity.* * * FIGURE Cup radius parameter block in COSINEOnce there is a value for the cup radius, the preconditions of the evaluator are satis�ed,so it provides the evaluation good from the volume point of view. The reason for this resultis that the di�erence between the volume of the cup and the ideal value for volume accordingto this evaluator is less than a preset threshold.The critic of the evaluation has a constraint which says that the evaluation should bemore precise and numeric, not symbolic. As this constraint is violated, the critic produces acriticism and initiates a con
ict. When the evaluator is asked for a more precise evaluation,it supplies an evaluation represented as a percentage of the optimal quality that can beachieved from its point of view. This percentage represents how close the current volume isto the ideal volume.Here is the excerpt from COSINE:Cup Radius Value Volume Evaluator: Evaluation asserted.Cup radius value is good from a volume pov.Cup Radius Value Evaluation Precision Critic: Conflict detectedwith Cup Radius Value Volume Evaluator.Cup Radius Value Evaluation Precision Critic: Criticism asserted.Cup radius value evaluation is too imprecise.Cup Radius Value Evaluation Precision Critic: Ask Cup RadiusValue Volume Evaluator to offer a more precise evaluation.Cup Radius Value Volume Evaluator:Changing to precision evaluation mode.Cup Radius Value Volume Evaluator: Evaluation asserted.Cup radius value's quality is 88 percent.Cup Radius Value Evaluation Precision Critic: Criticism retracted.Cup radius value evaluation is not imprecise any more.Cup Radius Value Evaluation Precision Critic: Conflict with CupRadius Value Volume Evaluator resolved.20



Evaluation8 EvaluationThe goals of this work, and our achievement of them, can be demonstrated by the followingquestions and answers:� Have the con
icts, interactions and knowledge that underlie CE teams been isolatedand investigated?By using a set of primitive, design-oriented functions, and by allocating one primaryfunction to each type of agent, the SiFA approach has allowed the discovery of a rich setof basic con
icts, as well as the knowledge required to handle them. Such an analysiscould have only been done with the SiFA approach. However, much more work remainsto be done.� Have all con
ict types among all possible pairs of agents been identi�ed and negotiationbehaviors proposed for those con
icts?The proposed con
ict hierarchy, we believe, covers all meaningful SiFA con
icts. Al-though negotiation graphs for all con
ict types have not been presented, COSINE hasdemonstrated all con
ict types and their resolution with simple negotiation strategies.However, there are many more possible negotiation behaviors to be explored.� Do the classi�cation of con
icts and the corresponding resolution strategies allow in-heritance from abstract to concrete classes in the manner proposed by Klein's model?The structure of the con
ict hierarchy assures that the nodes higher in the hierarchyhave all the general aspects of the nodes below them. The hierarchy is an is-a hierarchy,so a leaf node inherits all aspects of its parent node. At this time the resolutionstrategies have not been fully associated with the con
ict hierarchy, although thisappears to be quite possible.� Has the proposed model been successfully implemented?COSINE implements the proposed SiFA model successfully. Although COSINE doesnot take advantage of the possibility of using inheritance in de�ning the agents (espe-cially for their negotiation knowledge) [4] the implementation is simple enough to allowfor automatic generation of the code by a knowledge acquisition tool that provides agraphical front end to the designer of a SiFA-based system.� Does the model, and implementation, allow for the integration of future improvementssuch as the ability of agents to learn during negotiation?The model does not have any restrictive features, neither does the implementation.The model does not make any claims about learning and can de�nitely be extended toinclude it [6]. The implementation would allow history keeping, and learning simpleconstants, constraints, preferences, etc, but learning new methods, that are currentlyimplemented as rules, would be di�cult.21



Future Research� Are the negotiation behaviors of agents understandable to humans?The sample runs of COSINE are very easy to follow. The agents are operating inan interleaved fashion, and it is possible to have more than one con
ict detectionand negotiation going on at once if the con
icts do not involve any related entities.However, for ease of understanding, one con
ict is resolved before a second con
ict isdetected and its negotiation started.� Have any patterns of communication among certain pairs of agent types been identi�ed?Since the negotiation behavior of the agents are still very simple, there are very def-inite observed patterns of communication between the agents. This is a result of theextremely restricted vocabulary and strategies currently available to the agents, asopposed to patterns that emerge by the nature of the con
icts. We conjecture thatsimilar patterns will be observed even if the agents are given more powerful negotiationstrategies and a broader vocabulary.Considerable progress has been made in meeting the goals of this work. The work onSiFA's is still new and the model keeps evolving. Work has concentrated on analysis of theirproperties. A large-scale implementation of a pure SiFA-based system that is capable ofsolving design problems does not yet exist. Consequently, little attention has been given sofar to the performance of large SiFA-based systems.9 Future ResearchThere are many directions that require further research in order to understand the full extentof both the power and the shortcomings of SiFA-based design systems.One direction is to formalize the meaning and use of the parameter block's higher levelentities, where meta-level knowledge about the design resides. It is not very clear what, orin what form, the information should be stored in the third level criticisms, praises, andevaluations in order to help the design process.Although COSINE successfully resolves the agent con
icts among its agents, the ne-gotiation behavior of the agents (their strategies) is very primitive. The simplicity of thenegotiation process among the agents is one of the promises of the SiFA paradigm. However,more work is needed to construct and test negotiation strategies. A library of negotiationstrategies for selectors, critics, evaluators, estimators, and praisers on all levels of referencewould allow rapid (perhaps automated) construction of SiFAs with powerful negotiationtechniques.However, in order to construct such strategies, the language used among agents needs tobe extended beyond the current vocabulary of alternatives and relaxations. Note that agentsprobably do not need to \understand" every other agent, just the ones it can con
ict with.Another direction is to provide SiFAs with history keeping capabilities. Even very simplehistory keeping would improve the system drastically. For example, if an agent keeps a22



Conclusionsrecord of its proposals that led to a con
ict, it can avoid those in the future [6]. There aremany other opportunities to improve the system with history keeping.History keeping, criticisms and praises, traces of negotiations, and analysis of con
ictsituations, all facilitate learning. Things that might be learned include dependencies betweendesign parameters, preconditions and postconditions for rules, negotiation strategies, andknowledge about other agents. Learning should improve the quality of the �nal design,reduce the time required to do the design, and provide better con
ict anticipation, avoidance,and resolution. There will be opportunities to study the interactions between agents as theylearn together. Agents learn from interactions, but their learning changes the way theyinteract.10 Conclusions10.1 Main ContributionsThe �rst contribution of this work has been to extend the SiFA paradigm with the concept ofa parameter block. The parameter block enables knowledge about the design to be presentedexplicitly, and related. It also allows multiple levels of meta-knowledge to be represented,through levels of reference. This allows comments about the decisions and comments ofother agents.Another contribution is the analysis of con
icts in the SiFA framework. Since SiFAsprovide the building blocks of a multi-agent design system, the con
icts between them rep-resent the primitives of con
ict situations in any design. The con
ict hierarchy enablesgeneral methods for handling the various tasks involved in the negotiation process, i.e., amethod for detecting incompatibility con
icts will work for a whole group of con
icts underthe incompatibility con
icts branch of the hierarchy. The negotiation model de�ned for theSiFA paradigm is another useful contribution.10.2 DiscussionThe SiFA-based model provides a very powerful tool with which to build and study designsystems. The model allows a designer to build a system that will consider many di�erentpoints of view while designing an artifact, without having to predict all possible con
ictsbetween these points of view and resolve them while building the system. The separation ofcon
ict knowledge from the design knowledge in the agents also has very important conse-quences in terms of the maintainability and the understandability of a system.The main disadvantage of the SiFA model from a practical perspective is that the �negrained agent size is less e�cient than using larger agents. However, we anticipate that theunderstanding gained from SiFA research will show how functionality should be grouped,and learning added, to produce more e�cient systems.The SiFA framework provides a new perspective to study design systems, concurrentengineering, multi-agent systems, and con
ict management. SiFAs re
ect a Concurrent23
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