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Distributed Quiescence Detection in Multiagent Negotiation�Michael P. Wellman William E. WalshUniversity of Michigan Arti�cial Intelligence Laboratory1101 Beal Avenue, Ann Arbor, MI 48109-2110 USAfwellman, wewg@umich.eduAbstractIn a distributed multiagent negotiation involvingmultiple issues, it is often desirable to �nalize dealsonly when all related issues are resolved. However,detecting that a multiagent negotiation has reached aglobally quiescent state can be a nontrivial task in adistributed, asynchronous system. We present a quies-cence detection protocol based on the Dijkstra-Scholtenalgorithm for distributed termination detection. Theprotocol operates as a layer on top of an underlyingmediated negotiation protocol. If agents conform to thedetection protocol, the detection process terminates i�the negotiation is quiescent. We discuss agent incen-tives to deviate from the protocol, and describe exten-sions that enforce adherence with respect to the mostsigni�cant potential deviations.1. IntroductionAgents with distinct interests or knowledge can ben-e�t by engaging in negotiation whenever their activi-ties potentially a�ect each other. Through negotiation,agents make joint decisions, involving allocation of re-sources, adoption of policies, or any issue of mutualconcern. Multiple related issues are typically nego-tiated at once, with each negotiation issue involvingmultiple agents.As an example, consider a building contractor,who negotiates deals to perform various constructionprojects, and negotiates with skilled trades agentsand suppliers for labor and materials. These nego-tiations are highly interdependent, as the labor andmaterial should match that required for contractedprojects, and the pro�table prices in one realm de-pend on the prices obtained in others. Moreover,�A previous version of this paper was presented at the AAAI-99 Workshop on Negotiation: Settling Con
icts and IdentifyingOpportunities.

given �xed capacities, the desirability of obtaining one(building/employment/procurement) contract dependson whether it can obtain others, and at what terms.Given that these negotiations proceed simultane-ously, the agent faces a di�cult strategic problem inmanaging its commitments. It would not want to �nal-ize contracts with its labor before it can establish prof-itable building contracts, nor would it want to committo projects for which it cannot acquire the necessaryresources. Engaging in commitments with respect toone negotiation before others are resolved inherentlyentails substantial risk, but hesitation to propose suchcommitments can preclude participation in complex ac-tivities.A common approach to mitigate this problem is toorganize the negotiation process so that it iterativelyadmits tentative (or progressively strengthening) com-mitments, and reveals intermediate information aboutthe status of individual issues being negotiated. Dealsare not �nalized until the overall negotiation reaches aquiescent state.However, detecting quiescence can be a nontrivialtask in a distributed, asynchronous system. Quies-cence is a global property, yet each participant has onlya local view of the negotiations it is directly engagedin. Information about the state of the system can bedisseminated only via messages, which may be arbi-trarily delayed. Additionally, we prefer that messagessignalling quiescence follow the natural channels of thenegotiation protocol, rather than some special-purposepaths to a global information aggregator.In this paper, we present a protocol for quiescencedetection based on a well-established method for dis-tributed termination detection: the Dijkstra-Scholtenalgorithm. The protocol operates as a layer on top ofan underlying negotiation protocol. This approach ishighly general, as we require only that the underlyingnegotiation be mediated. Mediators facilitate negotia-tion by managing the 
ow of information and enforcing1



negotiation rules.1 As we show, mediators can also helpto enforce the quiescence detection protocol.In the next section, we present the underlying ab-stract model of mediated negotiation. We then de-scribe the Dijkstra-Scholten algorithm and its applica-tion to negotiation protocols. In Section 4, we considerthe incentives for agents to conform to the protocol,and extensions that can inhibit them from deviatingwhen it is in their interest.2. Negotiation ModelLet A be a set of agents, and M a set of media-tors, each managing a speci�c negotiation issue involv-ing some subset of the agents. For example, a media-tor might control the exchange of a particular resourcetype, or settlement of some designated concern. Wedenote the agents interacting with mediator m by Am.Inversely, Ma comprises the mediators agent a inter-acts with.De�nition 1 A negotiation network is an undirectedbipartite graph with vertices V = A [M and edges Elinking agents and mediators. For m 2 M and a 2 A,there exists an edge hm; ai 2 E i� m 2Ma. (We couldequivalently de�ne edges in terms of the Am sets.)Particular negotiation mechanisms may require thatthe network structure be �xed throughout the negoti-ation process. Typically, each mediator m knows Am,and each agent a knows Ma.For example, Figure 1 depicts a negotiation networkwhere all agents interact with all mediators. In the ne-gotiation network of Figure 2, the agents are organizedin a three-level supply chain, with two agents (perhapscompeting) at each level.
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Figure 1. Complete-graph negotiation net-
work.The negotiation protocol comprises two generaltypes of messages. Agents send OFFER messages to1Tidhar and Rosenschein [13] argue, in the context of an aug-mented version of the contract net, that mediators can alsohelp to reduce agent communication and search costs.
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Figure 2. Supply-chain negotiation network.mediators, and mediators send NOTIFY messages toagents. The particular form and content of these mes-sages varies according to the domain-speci�c rules en-forced by the mediators and the negotiation policies ofthe agents. For instance, in an auction-mediated nego-tiation protocol, an OFFER is typically a bid to buy orsell a good, and a NOTIFY may be an indication of thecurrent going price (e.g., the highest bid so far). Moregenerally, we allow both types to range over arbitrarilyde�ned message spaces. We assume that a mediator mimplements �xed rules for issuing a NOTIFY message toagent a 2 Am, as a function of OFFER messages it hasreceived from all agents in Am. Agent a executes its ne-gotiation strategy, which dictates what OFFER message(if any) it transmits to mediator m 2 Ma as a func-tion of the history of NOTIFY messages received frommediators in Ma.Implicit in the preceding description is that oncenegotiation starts, behavior is completely determinedby the messages passed within the negotiation network.That is, we assume that no external events interveneto cause changes in mediator rules or agent strategies.Communication is reliable but asynchronous.2 Thatis, all messages sent eventually reach their recipients,although we impose no bound on the delays. Note thateven if all mediators and agents have deterministic be-haviors, an overall negotiation may be nondeterministicdue to this asynchrony.We designate by sendi(j;msg) the action by entity isending message msg to entity j. Similarly, i's actionreceiving msg from j is denoted by receivei(j;msg).De�nition 2 A negotiation protocol P is quiescentwhen:1. All sent messages in P have reached their intendedrecipients. That is, if sendi(j;msg) occurs in P ,then so does receivej(i;msg).2. No agent wishes to send another OFFER message,based on its received set of NOTIFY messages in P .2See Fagin et al. [5], for example, for a formal de�nition ofasynchronous reliable message passing (a.r.m.p.) systems.



3. No mediator needs to issue further NOTIFY mes-sages, based on its received set of OFFER messagesin P .Once a process has reached quiescence, the nego-tiation is complete, and the mediators can �nalizethe deals, settlements, or other outcomes negotiated,and commence the execution phase. The di�culty, ofcourse, is that no individual entity (agent or media-tor) can determine based on the negotiation messagesit sends and receives whether the process is quiescent.At best, all it can tell is whether it is locally quiescent,that is, whether it has no more negotiation messagesto send based on those received to that point. Un-der the asynchronous communication model, no �nite\timeout" threshold on local quiescence is su�cient toensure global quiescence.3. Quiescence DetectionThe quiescence detection protocol operates as alayer on top of the underlying negotiation protocol.The overall protocol augments the negotiation protocol(i.e., OFFER and NOTIFY messages as described in theprevious section) with additional messages to managethe quiescence detection process.
3.1. The Dijkstra-Scholten AlgorithmDijkstra and Scholten [4] proposed a termination de-tection algorithm which directly serves our purpose.The authors consider \di�using computations": dis-tributed processes where one entity, (the source) sendsa message to another, thus activating it. Once acti-vated, an entity may send messages to others, thus ac-tivating them, and may continue to send and receivefurther messages until it has no more to send. The dif-fusing computation terminates when no entities sendany more messages.We describe the essentials of the algorithm next; fora more complete description, analysis, and discussion,consult the original, or Lynch [7]. Starting from aninitially quiescent state, a source becomes active, andsends a message to another entity. The newly acti-vated entity makes note of which entity activated it,and proceeds with the protocol.The behavior of generic (non-source) entity i in theprotocol is presented schematically in Figure 3. In theinitial quiescent state, i is inactive. It becomes ac-tive on receipt of a message from its activator, x. Itthen transitions into its active mode, and thereafter re-sponds to every message received from any agent withan acknowledgment message, ACK. It also keeps track
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Figure 3. Schematic state diagram for non-
source entity i in the Dijkstra-Scholten algo-
rithm.of how many of its own sent messages have been un-acknowledged. This can be implemented by a de�citcounter, which is incremented on sending a message(other than ACK), and decremented on receiving an ACK.Whenever it reaches a state where (1) all of its messageshave been acknowledged, and (2) it is locally quiescent,it transitions back to the inactive mode, and sends anACK message to its activator.The outstanding activation relationships in this pro-tocol form a tree, with the source at its root. The treeis extended whenever a new activation occurs, and itis resected whenever a leaf entity becomes locally qui-escent. Once this resection process reaches the source(i.e., the source has received acknowledgments for allmessages), the \di�usion" is complete, and the quies-cence detection process terminates.Observation 1 (Dijkstra & Scholten [4]) Thequiescence detection process terminates i� the under-lying protocol is quiescent.

3.2. Application to NegotiationSince it is de�ned as a layer on top of another pro-tocol, applying the Dijkstra-Scholten algorithm to ournegotiation model is straightforward. Agents and me-diators augment their behaviors by passing and track-ing ACK messages according to the quiescence detectionprotocol. Their resulting behavior is essentially a com-position of their basic negotiation behavior with thetransition diagram of Figure 3.For the case where negotiation is initiated by a singleentity (agent or mediator), that entity plays the role ofsource, and is the detector of global quiescence. Thiscase applies when the negotiation network can be con-sidered initially quiescent, with all subsequent activitytriggered by a state change in one entity.Perhaps more commonly, negotiation begins in astate with multiple entities in locally non-quiescent



states. For example, a negotiation situation mightbe triggered by some external event (e.g., a scheduledstart, or announcement of a new opportunity), uponwhich several agents wish to send OFFER messages. Tohandle this case, we augment the negotiation networkby introducing a special mediator, called the quiescencedetector, q. Aq consists of all agents who are potentiallyactive at initiation. Mediator q plays the role of source,and activates all of the relevant agents immediately oncommencement of the negotiation.Once q or another single-source entity detects globalquiescence, it can disseminate the news through the ne-gotiation network, informing the mediators and agentsthat they may proceed to execute negotiated deals.
3.3. Simultaneous Independent NegotiationsIt is not always feasible or desirable to wait until anentire negotiation network has achieved global quies-cence in order to begin executing deals. Indeed, in acomprehensive model, it may be that all of the agentsof the world are ultimately connected by some path ofmediator-agent relationships. Despite these links, it islikely that some areas of negotiation are completely orvirtually irrelevant to others.We can distinguish these independent negotia-tions for purposes of quiescence detection simply bymaintaining separate identities for separately initi-ated negotiation protocols (perhaps involving distinctquiescence-detector mediators). Agents and media-tors would maintain distinct quiescence-detection state(i.e., activation links and acknowledgment de�cit coun-ters) for each distinct protocol. All negotiation mes-sages would need to specify which negotiation they arepart of, and ACK messages would re
ect back the ne-gotiation identity of the messages they acknowledge.As usual, the source entity detects global quiescence,but limited to the particular negotiation initiated. Itthen informs involved entities that the negotiation iscomplete.Even though separately-sourced negotiations corre-spond to independent quiescence-detection processes,interactions at the negotiation level could well causedependence in their actual quiescence. Entities partic-ipating in multiple negotiations may choose to activateothers based on some or all of these, and might pred-icate local quiescence on activity in all of the negotia-tions.An interesting tradeo� arises for the case of looselyinterdependent issues being negotiated. Treating themas part of the same negotiation process ensures thatan overall quiescent state exists before executing someof the issues. On the other hand, separating them

prevents one from necessarily being delayed by theother. Which concern predominates depends on suchsituation-speci�c factors as degree of interdependence,value of time, and likelihood and severity of delay.Agents must weigh these criteria in choosing whichprotocol to associate with each of their outgoing ne-gotiation messages.4. Deterring DeviationThe preceding discussion presumes that both agentsand mediators will follow the speci�ed protocol.Whereas the assumption is typically justi�ed formediators|which may be implemented or certi�ed bysome globally trusted authority|it is more question-able in the case of agents. Just as design of negotia-tion mechanisms must account for incentives faced byagents, we must consider these incentives in construct-ing any augmentation for quiescence detection [12].
4.1. DeviationsThere are �ve distinct ways an agent could deviatefrom the quiescence detection protocol.1. Failure to acknowledge a received message whilein active mode.2. Failure to acknowledge the activator upon reach-ing a fully acknowledged state.33. Premature acknowledgment of activator, that is,sending ACK while not in a fully acknowledgedstate.4. Counterfeit activation, where the activating agentis not itself active in the speci�ed negotiation.5. Spurious acknowledgments not corresponding toreceived messages.Deviation #5|spurious acknowledgment|is rela-tively easy to eliminate by technical means. By requir-ing speci�c references to the acknowledged message inACK messages, entities can recognize whether an ac-knowledgment is meaningful. Doing so imposes someadditional implementation overhead, requiring uniquemessage identi�ers and an acknowledgment state morecomplicated than de�cit counters. This will typicallybe worthwhile in negotiation applications, and so weignore this particular category of deviation henceforth.3We need not consider the case that an agent is fully ac-knowledged but not locally quiescent, since by taking action (i.e.,sending an OFFER) it will immediately enter a state of incompleteacknowledgment.



Note that we do not consider variation in behaviorin the underlying negotiation protocol to be a form ofdeviation. Rather, we assume that the negotiation pro-tocol itself does not restrict agents beyond what can beenforced by the mediators based on their available in-formation. Agents typically have much discretion intheir negotiation strategy, and this may well be in
u-enced by the presence or absence of reliable quiescencedetection. For example, an agent may choose not toactivate a mediator if it is concerned about a potentialdelay in reaching global quiescence. This is perfectlycompliant, and does not a�ect the correctness of thequiescence determination process.Similarly, agents have discretion to send OFFER mes-sages without having been activated by prior receivedmessages. As long as the OFFER does not falsely claimto be part of an existing negotiation (in which caseit constitutes a counterfeit activation deviation), suchactions e�ectively amount to initiating a distinct nego-tiation process, as discussed in Section 3.3.
4.2. Incentives to Deviate4.2.1 Failure to AcknowledgeBy failing to send an ACK when appropriate (devia-tions #1 and #2), an agent e�ectively holds up thequiescence detection process. But since no negotiationmessages are contingent on prior ACK messages, thisdoes not at all a�ect the set of actions available toany other agent, or the information disseminated bymediators. Although it is conceivable that by delay-ing acknowledgments, the agent could a�ect the tim-ing of quiescence detection in a systematic way, theunderlying asynchronous communication model limitsthe predictability of these e�ects. Moreover, delayingacknowledgments is indistinguishable from accounted-for delays in communication. Thus, the set of possibleruns of the negotiation protocol is una�ected by failureto acknowledge.The only certain e�ect is that if the agent fails to ac-knowledge inde�nitely, it can prevent quiescence fromever being detected, and thus the negotiated deals frombeing executed. This can be of direct bene�t to theagent only if it is better o� in the status quo than inits negotiated deals.4This still leaves open the possibility that agentswithhold acknowledgments in an attempt to in
uencethe outcome of negotiations. Because the underlyingnegotiation protocol is una�ected by quiescence detec-tion, this can occur only indirectly, due to sensitivity4Mechanisms that guarantee outcomes such that no partici-pants are worse o� than initially are termed (ex post) individu-ally rational.

of agents' preferences on the time it takes to completea negotiation. In particular, the threat that an agentmay delay or block execution of negotiated deals causesother agents to modify their behavior|perhaps mak-ing concessions to the threatening agent. Similarly,delays in one negotiation may a�ect behavior in otherrelated (but independent with respect to quiescence de-tection) negotiations.4.2.2 Premature AcknowledgmentIn a premature acknowledgment (#3), an agent in-forms its activator that it is quiescent, even thoughnegotiation via mediators that it in turn activated maystill be ongoing. Such a deviation could clearly causethe protocol to incorrectly detect global quiescence.Unfortunately, an agent may well have a strong incen-tive to deviate in this way.For example, consider the negotiation network ofFigure 4, an instance of the network of Figure 2. Inthis example, agent Â was activated by mediator M1,and in turn activated M2, which activated three otheragents. Although Â considered its negotiations at M1and M2 to be dependent at the outset, the negotiationcould reach a state where Â considers the result frommediator M1 to be su�ciently favorable to outweighthe uncertainty in the outcome at M2. By sendingACK to its activator,M1, it may cause the source to de-tect quiescence, and thus �nalize its favorable outcome.Waiting until the rest of the network is quiescent runsthe risk that A0 sends an OFFER toM1 that diminishesthe value of Â's outcome.
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Figure 4. Agent Â may have an incentive to
deviate by prematurely acknowledging medi-
ator M1.Although Â has no way to know for sure that its im-proper acknowledgment will in fact result in a prema-ture quiescence detection and improved outcome, thepoint is that by deviating from the protocol, it can infact prevent another agent (A0) from taking an allowednegotiation action. For this reason, we consider prema-ture acknowledgment a signi�cant potential deviation,and explore extensions of the protocol to counteract it.



4.2.3 Counterfeit ActivationCounterfeit activation (#4) serves much the same pur-pose as premature acknowledgment. Suppose Â has aninterest in P , though it is not currently active.5 Then itmay have an incentive to activate another agent A in P(via some mediatorM). The reason is that if A is sub-sequently truly activated in P , it will ACK immediately,even if it is not locally quiescent. Thus, P may endprematurely, perhaps to the bene�t of Â. The reason-ing is very similar to the premature-acknowledgmentdeviation.Fortunately, our remedy for premature acknowledg-ment also e�ectively prevents counterfeit activation.
4.3. Mediator BackboneIn addressing the potential incentives for agents todeviate from the quiescence detection protocol, we ex-ploit the fact that agents communicate directly onlywith mediators, which can be presumed to faithfullyexecute the protocol. By e�ectively \short circuiting"the mediator-to-mediator paths through agents, we caneliminate the ability of agents to cut o� negotiationthrough premature acknowledgment or counterfeit ac-tivation.However, since mediators do not necessarily knowall the pathways of potential interaction, we depend onthe agents to set up these mediator-to-mediator links.We operate the protocol as usual, with the followingmodi�cation. All OFFER messages carry with theman indication of which mediator activated the sendingagent. If this OFFER activates the receiving mediator,then rather than consider the agent its activator, ittreats the agent's activator (another mediator) as itsown. Thus, it immediately acknowledges the agent,and noti�es the agent's activator that it has anotherunacknowledged message (i.e., an outstanding activa-tion).To prevent deception by the agent, this noti�cationcould extend into a full-blown authentication process,where the two mediators validate that a proper activa-tion link is being formed. The newly activated media-tor would not act on the agent's message until estab-lishing this activation link from its predecessor.The result is a modi�ed activation tree, wherethe mediator-to-mediator links form a backbone, andagents appear only as leaves. The modi�cation intro-duces O(jMj) new communication channels, but re-tains the distributed communication structure of theoriginal network. For consistency, we require that5For example, it may have been previously active in P , or itmay be interested in P 0 which it knows is linked to P , indirectly,by some other agents.

even single-source agent initiations be represented bya quiescence-detector mediator. For example, Figure 5depicts a version of the supply chain network with ac-tivation paths through agents short-circuited by directmediator-to-mediator links (cf. the activation patternof Figure 4).
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Figure 5. The supply chain network with a
mediator-to-mediator activation backbone.Observation 2 In the augmented quiescence detec-tion protocol, no agent can cause incorrect quiescencedetection via premature acknowledgment or counterfeitactivation.With the mediator backbone, the only possible de-viations in the scheme are #1 and #2|failure toacknowledge. However, since agents appear only asleaves, they are never in a position of waiting for ac-tivation acknowledgments. Thus, the quiescence de-tection protocol calls for them to acknowledge all re-ceived, non-activating messages, as soon as they com-plete their local computation and message passing. Toguard against failure or non-responsiveness of an agent,we might impose a timeout threshold beyond which theneed for acknowledgment expires. This directly elimi-nates the possibility of deviation #1.Although imposing such timeouts can lead to incor-rect quiescence detection given asynchronous commu-nication and uncertain computation time, the risk indoing so for message acknowledgments is much lowerthan for imposing timeouts on activation acknowledg-ments. It might therefore be worthwhile to accept thisrisk in order to deter anticipated delaying tactics.To eliminate deviation #2, we require some furthercoordination within the mediator backbone. Speci�-cally, mediators receiving OFFER messages acknowledgenot only the sending agents, but also the activatingmediators of those senders. As a result, the activatingmediator can verify whether the agent is really in anunacknowledged state. After a designated activation-timeout period, it is up to the agent to either acknowl-



edge or name the mediators it is waiting on. The rea-sonable activation-timeout period may be longer thanthe normal message acknowledgment timeout (to allowfor the agent's substantive activity), but it still servesthe purpose of bounding the possibility of delay.Finally, the mediator backbone is also helpful withrespect to disseminating the fact of quiescence, oncedetected. Mediator q sends a quiescence signal to me-diators that it has communicated with (those it acti-vated at some point in the negotiation), and these inturn do the same. Every relevant mediator m even-tually receives the signal, and forwards to its knownagents, Am, along with the result of the negotiation.5. ApplicationsAuctions provide a direct example of mediators, andsystems of related auctions an instance of the nego-tiation model described above. An agent sends bids(OFFER messages) to the auctions to specify its willing-ness to buy or sell, and an auction issues price quotes(NOTIFY messages) to indicate the current going pricefor a good. Auctions of related goods are sometimesrun simultaneously in a coordinated fashion|as in theUS FCC spectrum auctions [8]|to help agents man-age their commitments. To ensure that any and allauctions close i� all agents have �nished bidding inall auctions, operators typically resort to central con-trol (e.g., synchronization); the techniques describedhere would achieve this property in distributed asyn-chronous environments as well.In prior work [14], we apply a simultaneous ascend-ing auction-based protocol to construct supply chainsin task allocation networks with hierarchical dependen-cies. Consumer agents initiate the bidding, and sub-sequent OFFER and NOTIFY messages di�use throughthe dependency network of agents and auctions. Ifsome auctions were to close before global quiescence isreached, infeasible supply chains (producers do not ac-quire all inputs necessary to produce an output) couldresult. In an extension of this protocol to support qui-escence detection, the activation and acknowledgmentswould follow the natural lines of mediator/agent com-munication, although not necessarily in the directionsindicated by the buy/sell relationships.In computational market approaches based ongeneral-equilibrium systems (e.g., walras [15]), thenegotiation structure resembles that of Figure 1(though complete connectivity is not required). Dis-tributed price adjustment algorithms, such as taton-nement, serve as the underlying negotiation protocol,and quiescence detection determines when a compet-itive equilibrium has been reached. Andersson and

Ygge [2], describe how equilibrium convergence can beaccelerated by distributing auction computation for agood between multiple nodes in a tree structure. Thisapproach extends our negotiation model in that mes-sages pass between mediators in the tree, as well asbetween mediators and agents. The basic approach toquiescence detection applies in this more distributedcontext as well.6. Distributivity, Feasibility, and Decom-mitmentOne way to avoid all of the di�culties of distributedquiescence detection is to enlarge the scope of medi-ation, so that a single negotiation mechanism coversall related concerns. Combinatorial auctions, for ex-ample, have received much attention in this literaturerecently [1, 6, 11] as an approach for allocating multiplerelated goods. Whereas such mechanisms clearly playa role, we consider it equally clear that it is not plausi-ble to couple under a single mechanism the negotiationof all potentially related issues. Choosing the scope ofa negotiation mechanism presents tradeo�s between al-location quality, distributivity, and related factors [16].Issues of latency and quiescence are particularly rele-vant to this choice.Even in a completely distributed negotiation, qui-escence detection may not be required to ensure fea-sibility. For example, in domains that do not includeproduction (such as Sandholm's [10] generalization ofRosenschein and Zlotkin's [9] task-oriented domains),every locally feasible trade results in a globally feasibleallocation. Trades can be executed immediately and in-dependently of other trades and thus local quiescenceis su�cient for feasibility.We have emphasized the need for establishing globalquiescence when issues are highly interdependent, aswhen the feasibility is contingent on their joint out-come. Even without strict feasibility constraints, how-ever, hasty trades could preclude potentially betterdeals arising in the future, or could leave agents withgoods that are not valuable, given their other holdings.Andersson and Sandholm [3] �nd that it is often pos-sible to mitigate the e�ects of myopic behavior by al-lowing agents to decommit when better opportunitiesbecome available. They include penalties for decom-mitment to ensure that contracting and decommitmentdo not cycle inde�nitely.More generally, de�ning the commitment entailedby various negotiation actions is a central matter fordesigners of negotiation mechanisms. We would expectthat varying levels of commitment will be widely usefulin multiagent negotiation.



7. DiscussionThe �rst contribution of this paper is a formula-tion of the distributed quiescence detection problem inmultiagent, multi-issue negotiation, and a solution tothat problem based on the Dijkstra-Scholten algorithm.The protocol works correctly given asynchronous reli-able message passing, and follows the communicationchannels of the underlying negotiation.The second contribution is an examination of theincentive e�ects of adding a protocol layer for quies-cence detection. We show that agents will often haveincentive to deviate from the basic protocol by prema-turely acknowledging their activators, and propose anextension that forms a mediator backbone to preventthis behavior. We argue that the resulting augmentedprotocol potentially presents incentive for an agent todeviate by failing to acknowledge messages (the onlydeviation possibility left). Thus, it may sometimes benecessary to impose timeouts to avoid this behavior.This violates our respect for asynchrony, but in theversion of the protocol with the mediator backbone, itimposes the deadline only for messages that are sup-posed to be acknowledged immediately anyway.In the case of simultaneous independent negotia-tions, we generally leave it up to the agents to desig-nate which negotiation process a sent message belongsto. However, in the augmented protocol with mediatorbackbone, the agent does need to establish that it hasbeen activated by some mediator in negotiation proto-col P . If it wants to start a new negotiation, it mustinvoke the permission of a quiescence detector media-tor. Under what conditions the detectors should allownew negotiations to be initiated, or require that agentsassociate their OFFER messages with existing negotia-tions, is a policy matter worthy of study.AcknowledgmentsThis project would not reliably quiesce unless we ac-knowledged our activator, Je�rey MacKie-Mason, whoprompted this investigation (which turned out to be adi�using process indeed) with a question about termi-nation. More re
exive thanks go to Terence Kelly andanonymous reviewers for helpful comments. This workwas supported by a NASA/Jet Propulsion LaboratoryGraduate Student Researcher fellowship and DARPAgrant F30602-97-1-0228 from the Information Surviv-ability program.
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