in: Nicolaas Mars, Towards very large knowledge bases (proc. 2nd international conference on building and sharing verylarge-scale knowledge bases (KBKS), Enschede (NL), 1995), pp143-155, IOS press, Amsterdam (NL), 1995Building consensual knowledge bases:context and architectureJ�r�me EuzenatINRIA Rh�ne-AlpesIMAG-LIFIA,46, avenue F�lix Viallet,38031 Grenoble cedex 1, FranceJerome.Euzenat@imag.frABSTRACTA protocol and architecture are presented in orderto achieve consensual knowledge bases (i.e. basesin which knowledge is expressed in a formallanguage and which are considered as containingthe state of the art in some research area). Itassumes that the construction of the base mustand can be achieved collectively. The architectureis based on individual workstations which providesupport for developing a knowledge base: formalexpression of knowledge through objects, tasksand qualitative equations annotated with hypertextnodes and links. It also provides tools fordetecting similarities and inconsistencies betweenpieces of knowledge. These bases can be groupedtogether in order to constitute a new referenceknowledge base. The process for constructing thislast base mimics the submission of articles topeer-reviewed journals. This is achieved through aprotocol for submitting knowledge to the groupbase, confronting it with the content of that base,amending it accordingly, reviewing it by the otherknowledge bases and finally incorporating it. Thesystem is to be used by researchers in the field ofgenome sequencing.KEYWORDS: CSCW � knowledge sharing �knowledge revision � negotiation � protocol �knowledge communication1.INTRODUCTIONResearch activity is principally collaborative:available knowledge is increased by the work of manypeople in different disciplines and in many places.Collaboration is achieved through one main medium:written books and journals. Thus it takes months andyears to be fruitful.Nowadays, research in molecular genetics aims atunderstanding and comparing the information contained ingenomes. The data involved has two importantcharacteristics: it is growing so fast that it cannot be dealtwith manually and it is expressed in such a way thatformal computerised treatments can be applied. Thus, animportant proportion of people involved in moleculargenetics work in �collaboratories�: the research teams arelocated in different laboratories and they use the computeras a medium. It is used for communicating informal text(by mail or ftp), but moreover for communicating theformal results of experiments (through the large generalsequence data banks and small specialised ones [17, 24,10]). We have already developed knowledge managementtools which have been used in the building of knowledgebases in molecular genetics [19] and other fields [25]. Weare currently involved in the development of a (software)workstation for molecular genetics research in closecollaboration with two biology laboratories.The �computer as medium� idea could be strengthenedby extending it towards the knowledge itself. Hence,instead of merely reproducing the paper journals incomputers, the principles of scientific journals must beapplied to the knowledge formally expressed in acomputer. The result should be a consensual knowledgebase, i.e. which everybody in a group agrees to be areasonable state of the art. It can be used for confrontingnew results and for learning new knowledge. Aconsensual knowledge base can also evolve with researchresults. For that purpose, a computer environment calledCo4 (for collaborative construction of consensualknowledge) is presented here. Co4 is dedicated to theincremental and concurrent building of a knowledge baseorganised around formalised knowledge and a set ofvarious annotations (text, bibliography, image,experimental data, etc.) from which this knowledgeoriginates. It provides researchers with support for, onone hand, expressing, annotating and manipulating theirknowledge, and on the other hand, submitting it to otherpeople and achieving consensus.The organisation of the paper is as follows: first thefeatures of a researcher workstation are presented. This isbasically an extrapolation from what already exists inbiology laboratories. Then, the organisation of a collegewhose aim � from the computer point of view � is theconstitution of a consensual knowledge base is presented.It includes the protocols for consulting and submittingknowledge to the base. The fourth section takes a closerlook at the software ground for such a system andfundamental problems which remain open. Finally, anextended discussion places Co4 in the many current trendsof knowledge sharing and collaborative work.

1442.THE RESEARCHER�SWORKSTATIONThe aim of Co4 is the construction of a formalisedknowledge base: this means that knowledge is expressedin a formal language carrying a precise semantics. Theformal structure of the corpus enables the use ofconsistency checking or comparison tools for helping theprocess of integrating knowledge into the base and theprocess of revising the base when necessary. As anyonewould agree, this is far too formal and restrictive, so theformal knowledge is connected to informal knowledge(mainly in terms of text and image) structured in ahypertext network. This informal knowledge has twopurposes: recording the reasons for acceptance andchanges in the knowledge base and adding annotations tothe formal knowledge. This section describes thecomponents of a knowledge base and their manipulationby a user. The next section describes how the knowledgebases can communicate with each other.2 . 1 . The knowledge modelCo4 comes from two experiences with knowledgebases in the domain of molecular genetics. The first one,ColiGene [18], describes the regulation mechanism ofgene expression in the E. coli bacterial genome. Thesecond one, MultiMap, allows to describe and tomanipulate mammalian genomic maps at the cytogenetic,genetic and physical levels. The researcher�s workstationis an assistant to the researcher. It helps the description ofknowledge and also its discovery by automating the morerepetitive tasks of genome research. The design of thesetwo knowledge bases has led to the identification of fourtypes of knowledge˚to be represented:¥Descriptive knowledge on the biological entitiesinvolved is represented in an object-basedknowledge representation system. This enables therepresentation of classes of objects (e.g. genes),subclasses (e.g. protein genes) and the identificationof an object as belonging to such a class.¥Methodological knowledge specifies the ways toselect and link up methods for a given task. It isrepresented through a task management system ableto integrate, represent, process and monitor themany computer programs for analysing the resultsof experiments.¥Behavioural knowledge, which has not beenintroduced in these two knowledge bases, concernsthe modelling of dynamic phenomena, such as thedynamics of gene inhibition or activation, througha qualitative modelling system. Such kind ofknowledge has already been used for representingmetabolism [10].¥Textual annotations on the various objects andtasks involved are achieved through a hypertextsystem which connects hypertext nodes with thecomponents of the descriptive and methodologicalknowledge. It allows browsing among texts,objects and tasks (see figure 1).

145The knowledge, both formal and informal, is stored inan object-based knowledge representation system calledTROPES [14]. It comes with a clear and simple formalsemantics and tools for classification, constraintmanagement and task processing. In particular, it is ableto organise objects into multiple separated taxonomiesand allows the user to work on a subset of thesetaxonomies. It thus answers to the need to express severalviewpoints on object classifications [17, 10]. TROPESprecursor, SHIRKA, has been connected to a hypertextmanagement system [8] and it is planned that it will soonbe the same for TROPES.2 . 2 . Software architectureThe architecture of the Co4 workstation is asdescribed in figure 2. It is made up of three main layers:¥A user interface allowing the researchers tocommunicate with their knowledge bases and withother knowledge bases;¥The knowledge base itself which provides supportfor storing formal and informal knowledge,detecting inconsistencies in formal knowledge,returning possible modifications in the formalknowledge and managing the dialogue with otherknowledge bases.¥The communication layer which provides softwareand hardware facilities for communicating withother knowledge bases.Graphic displayRouting / transaction / transportNegotiationcontrollerUpdate & revisioncontrollerCooperation controlerStorage, formal and non-formalKBdefinition

Figure 2: The three-layered software architecture. Each box represents a software module, each circled unit is adata/knowledge repository and each arrow represents the call of a program functionality.For the sole manipulation of the knowledge base, theuser only accesses the revision and negotiation controllersthrough the graphic interface (see figure 3). The othercomponents are used in the cooperative process; they areincluded here for completeness. However, the knowledgemanagement system is accessed through an applicationprogramming interface which enables queries andtentative modifications of the base from both the graphicinterface and messages coming from other bases (see ⁄3).2 . 3 . The user and the baseThe present section shows how the user can interactwith the knowledge base. It can seem obvious that theuser can query and modify the base and that modificationsmust leave the base in a consistent state. However, theway this is achieved in Co4 is particular since it mustwork when the researchers want to communicate a part oftheir bases to another base. Thus, the way individualstations work is useful for both the individual and thecooperative modes. The process is presented in figure 3.The consultation or modification are ordered throughthe graphic interface and directly processed by the revisioncontroller. However, in the usual mode, the modificationis prepared by a confrontation query which asks for acomparison of a new piece of knowledge (made ofobjects, tasks, hypertext nodes and qualitative equations)and the knowledge base. The comparison of a corpus ofknowledge with another results in a report about what isdifferent, what is the same and what is contradictory. Ifthe piece of knowledge does not contradict the knowledgebase, it can be submitted for integration. If it contradictsit, the researcher can modify it in order to fit the groupbase. Concerning the informal documentation, if the userwants to create a hypertext node for instance, it ispossible to detect if a node with the same name alreadyexists and to negotiate its modification.A first requirement for a formal knowledge base isconsistency. Consistency is here defined with regard towhat the system can deduce to be consistent or not: intypical object-based representation systems, a class whoseextension is logically reduced to the empty set isinconsistent and an error is raised by the system. Apartfrom consistency checks, the system is able to deal withsophisticated queries asking if a piece of knowledge isredundant, subsumed or similar (w.r.t. some distance) to apart of the knowledge base. These queries are subject tolimitations drawn by the expressiveness of the knowledgerepresentation language and the expected degree ofcompleteness of the answer.When a change is attempted, it first goes through theupdate and revision controller which determines if thechange does not introduce inconsistencies. Theorganisation of Co4 is particular in that the revisioncontroller, which is usually a part of the knowledge basemanagement system, has been detached from theknowledge base itself. The revision controller should beable, given an operation on a knowledge base, to manageit in the most consistent way. If the proposal isconsistent with the base, the change is committed and theknowledge base is simply modified. The controller alsorecords all the modifications committed directly by theuser in order to be able to transmit them later to thegroup base (the modifications must be recorded togetherwith their rationale, etc.).

146

Change and queryError message and answerReport

QueryChoice

Figure 3: Interactions between the users andtheir bases. The arrows represent the flow ofinformation: the user can query the knowledgebase and get an answer or a report. The reportcan be made of a set of alternative changes toapply to the base in order for the user to achievea modification of the base. This requires adialogue between the revision and negotiationcontrollers for determining what are thesepossible changes.When Co4 detects some problem (misspelling, typo,inconsistency) it raises an error which is transmitted tothe negotiation controller. The negotiation controller thenopens a dialogue with the update controller in order toestablish the putative causes of each error and thepossible repairs. Then the negotiation controller is ableto submit these diagnoses and repairs to the user throughthe graphic interface. It is up to the user to decide whichone to apply (or to retract the tentative change).The behaviour and decomposition of the architectureis directed by the wish to provide the most efficientresponse to a tentative change of the base. It is based onthe idea that when users ask for a change, they expressthe will to see it committed. Thus if this change is notimmediately possible, Co4 must propose the best way tomake it possible while preserving the majority of thebase. This enforces the opportunities for the change to beaccepted by the other partners when it is submitted to theconsensual knowledge base. The same holds true forpropositions of the system concerning similarity.Moreover, in the context of the submission ofknowledge to a collective base, the architecture allows toask for a report and help from that base. This is presentedbelow.3.OVERALL ARCHITECTURE ANDPROTOCOLThe primary aim of Co4 is the construction of aconsensual base. The principles underlying Co4 arederived from those of peer-reviewed journals: before beingintroduced in a consensual knowledge base, theknowledge must be submitted and accepted by thecommunity. This requires submitting knowledge to thebase, letting it be reviewed by the other participants andaccepting or amending it according to their reactions. Theinformal knowledge is also subject to submissions,reviewing and so on. At the end, it is intended that theknowledge stored in a consensual knowledge base be safeenough so that anybody can use it confidently and easily.In this section we emphasise the collaborativefacilities offered by Co4. The organisation of a college ofknowledge bases is first presented. Afterwards, theinteraction of a workstation with the consensual groupbases is detailed before turning to the protocolimplemented for dealing with knowledge submission andnegotiation.3 . 1 . The network of knowledge basesCo4 is made of a set of knowledge bases. Anycooperator is viewed by the system as a knowledge base.Knowledge bases are organised into a tree whose leavesare user knowledge bases and whose intermediate nodesare called group knowledge bases (see figure 4). Eachgroup base represents the consensual knowledge shared byits sons (called subscriber knowledge bases). Eachknowledge base can subscribe to only one group.However nothing prevents a human researcher fromcreating several knowledge bases (maybe subscribing todifferent group bases) representing different researchtrends, and nothing prevents anyone from transferringknowledge from one base to another. Also, nothingprevents several physical users from sharing the samebase.

Group knowledge baseSubscriber knowledge basesAchieveAcceptRejectChallengeTell�

�Ask-allFigure 4: The hierarchical architecture andmessage flow. The knowledge bases areorganised in a tree whose leaves are individualknowledge bases and nodes represent theconsensual knowledge of connected individuals.The downward types of messages include thesubmission of a proposal and the reports ofapproval, rejection or alternate proposal about asubmitted proposal. The upward messagesinclude the broadcast of accepted proposals andthe call for comments (ask-all) about asubmitted proposal.The knowledge bases are linked together in such away that a particular knowledge base knows itssubscribers and its group base. To its subscribers itmainly sends messages for broadcasting a change acceptedby everyone and calls for comments in order to establishwhether a change must be committed or not. To its groupbase it sends changes that it wants the group base tointegrate. Of course, as a group base, it also receiveschanges to commit and as a knowledge base it alsoreceives calls for comments and change broadcasts.Each of these knowledge bases are made of the samestructure and the same software. The main differencebetween group bases and researcher workstations is thatthe former are completely automated and only respond tothe stimuli from other bases.

1473 . 2 . The user and the groupThe user of a workstation can subscribe to aconsensual knowledge base. This is achieved very simplythrough the knowledge base definition controller whichmanages the description of the group to which theknowledge base subscribes (and for the group bases, theset of subscribers). This base definition enables thecommunication layer to route queries from one base to itsgroup base and its subscribers. It is intended that it alsodescribes the topics which the knowledge base isinterested in, etc.As soon as the base is part of a group base, it receivesthe complete content of that base (to which it is supposedto subscribe), it is entitled to give its opinion on allsubmissions currently under examination and is entitledto submit knowledge. The interesting point is thesubmission of knowledge, so let�s see what happens.When the researchers are confident enough with thespecifics of their knowledge base corresponding to someresearch results, they can submit them to the groupknowledge base to which they subscribe. This is achievedby circumscribing the submitted part (which can includehypertext annotations justifying them) through thegraphic interface and calling the submission procedure ofthe negotiation controller. In order to complete thesubmission message, the negotiation controller collectsthe sets of differences between the consensual group baseconnected and the selected changes (they are logged in bythe revision controller) and sends them to the group base.Usually, the group base, through its own revision andnegotiation controllers issues a report describing how thesubmitted knowledge can be added to the group base.Thus, as usual, the user can choose a better (andconsistent) way to achieve the submission. This proposalwill be submitted to the other subscribers and committedif it reaches consensus.As a subscriber of the group base, the user alsoreceives the call for comments issued by the group basein response to the submission (by another user) of somematerial. The users can read the submission or play it intheir own knowledge base by submitting it to therevision controller. This can result in a favourable reportor an inconsistency detection that can be used by the userfor issuing an alternate proposal. In response to the callfor comments, the users must answer by one of thefollowing: accepted when they consider that theknowledge must go in the consensual knowledge base,rejected when they do not, and alternate when theypropose another change.When the group base has gathered enough comments,it integrates, or not, the change in the base. The changebeing now consensual, it is broadcast to all subscribers.It may happen, however, that the research they arecurrently involved in contradicts what is in the groupbase. So the users can refuse the new knowledge (just asthey can also modify parts of the group base knowledgein their local base) which is then stored in a changelogbook for further change submission.The fact that anyone can maintain a knowledge baseas different from the consensus, allows obviously theexploration of alternate research paths. But on a morebasic ground, it enables the communication, negotiationand acceptation to be asynchronous. This, in fact,reproduces the way papers are submitted, discussed andaccepted or rejected in a scientific journal: the reviewercan take time for carefully examining a proposal sincethis will not stop the work of the base which issued it.3 . 3 . The submission protocolThe words consensus, message, etc. have been usedfreely so far. A protocol has been established for thecommunication between the knowledge bases. It isimplemented in the cooperation controller of theknowledge bases. The protocol is very simple, since itonly reproduces what happens for paper submission tojournals plus the management of new subscriptions. Themessages are expressed as a collection of speech acts:achieve (submit a proposal for inclusion into theconsensual base), ask-all (ask for the acceptance ofsubscriber bases, call for comments), accept (accept theinsertion of the piece of knowledge), reject (reject it),challenge (submit a concurrent proposal), deny (thesubmitter retracts the submission), tell (send an acceptedproposal to each subscriber base). It seems quite generalsince the performatives can be found, for instance, inconcurrent software engineering [15, 26].The consensual aspect is dealt with through theacceptation of proposals which achieve acceptance by allof the subscribers and the rejection of other proposals (forinstance, in the context of genome sequencing, aconsensus map is a map that people involved in theresearch field think correct). Consensus could be replacedby some other definitions (like majority or intersection,see ⁄4.1), but it has been retained for two reasons: (1) itenjoys interesting formal properties (if a consensual basecontains only knowledge which is accepted by all thesubscribers, this remains true if subscribers are added orretracted), and (2) it should lead to the discussion ofproposals � not only conflicts � and thus thecollaboration of the researchers.In a first version of Co4, the group base applies thenon destructive modifications without discussion. Thesemodifications are always possible in the group base,since they are in the subscriber�s base which contains it.In the case of destructive modification, a call forcomments, identified by a unique number (surrogate), isissued towards all the subscribers. Among the answersprovided by the subscribers, three cases may happen:¥They all agree that the modification must beaccepted, then the modification is committed intothe group base and broadcast to all the subscriberknowledge bases;¥One of them rejects the proposal, then the changesare not committed and the comments provided bythe rejecter are sent to the submitter (the call forcomments is discarded in all the subscribersknowledge bases);¥One submitter sends an alternate proposal, then thecall for comment is replaced by a call for commentabout all the proposals available (those who already

148accepted the change, are asked to consider the newproposal and to answer again).It also can happen that the submitter retracts theproposal thus leading to the retraction of the call forcomments from all the knowledge bases.The protocol is made of a set of rewrite rules whichstate what a knowledge base must do when it receives aparticular message from another knowledge base. Eachrule specifies what happens when some performative isreceived by a knowledge base, for instance:s˚�˚reply(n,accept)˚�>˚g˚C:=C�{<n,achieve(p),1>},˚K:=K+p,˚g˚�˚tell(p)˚�>˚S

<n,achieve(p),1>˛Cmeans that upon arrival of the last �accept� for aproposition with surrogate n, the group base discards thestructure recording the call for comments process, adds pto its local knowledge base and broadcasts it to eachsubscriber. The group bases blindly apply these rules andthe final decision comes from the researchers who are theholders of the leaves of the architecture. When a messageis issued by a group base whose subscribers are alsogroup bases, these last bases only dispatch the messagesto their subscribers. The protocol is presented in figure 5as a finite state automaton. It is worth noting that theprotocol is (1) asynchronous, so that several proposalscan be in different states concurrently, (2) parameterisedby proposal p, so that the real situation in Co4 is theCartesian product of automata corresponding to all theproposals, and (3) abstracted from the status of eachindividual knowledge base with regard to the protocol.Some properties of the protocol can be proved (underadditional assumptions): whenever a proposal issubmitted, it reaches in a finite time the status ofaccepted or rejected, the protocol always takes intoaccount the opinion of a reviewer (it never waits for areport when it is established that the proposal is to berejected, etc. � see ⁄4.3).Achieve (P)Ask-all (P)Tell (P)Accept (P)Reject (P)Challenge (P’) = Achieve (P’)

QARSRetract (P)Figure 5: The automaton corresponding to thesubmission of proposal P at the scale of thewhole system of group base plus subscribers. Itreproduces four states of publicationsubmission: initial state (Q), submitted (S),under review (R), accepted (A).The protocol is handled by the cooperation controllerwhich acts differently on an individual base and on agroup base: in the first case it submits the changes to theuser interface while in the second one it dispatches themto all of its subscribers. The cooperation controller isalso in charge of the management of the negotiation forapplying a change in a group knowledge base (emittingthe call for comments, receiving the answers, managingthe alternate proposals and committing or retracting thechanges). The negociation requires the identification ofthe change by a unique number, the count of positiveanswers, the management of alternate proposals andretractions of a proposal. It also requires the recording ofthe process in order to recall the reasons why somechange is made or not.4.SOFTWARE TECHNOLOGYThe development of the platform presented above isnot yet complete and the representation of geneticknowledge is not a simple task. However, the technologyfor object based-knowledge representation is well known,and similar experiences that we have had, lead us to beconfident of its achievement. Thus, the present sectionfocuses on the specific problems concerning thecooperation between distributed knowledge bases. To ourknowledge, the technology is not already established forsuch a proposal; thus the Co4 proposal is an occasion toexplore solutions for two particular fundamental researchareas: assisted revision in knowledge bases (⁄4.2) andcooperation protocols (⁄4.3). Problems and solutions arepresented below, but keep in mind that they should meetacceptance from the users before being declaredsuccessful. So, the properties of the architecture enablinga smooth integration of facilities are first presented(⁄4.1).4 . 1 . Modularity and genericityThe knowledge base architecture presented aboveincluded two particularly interesting design choices: it isthe same for all of the bases, so they can be made out ofthe same software packages, and it is described in amodular fashion, so that it can be used with a very rawsystem or a very complex one. This leaves the door openfor a trade-off between the complexity and power of eachalgorithm. This is very precious during Co4 developmentsince it allows us to start with very simple componentsand to enhance them progressively.For instance, the knowledge repository can be asimple hypertext system which identifies nodes by areference and raises an error when two nodes have thesame reference (the simplest system is a text repositorywith the UNIX �diff� and �patch� utilities). The degr�z�ro of change control consists in routing error messagesto the user, in order to have the error corrected.Such a system can be enhanced, for example, in theframework of a logic clause representation system (sayProlog) by a revision module able to abduct the reasonsfor the errors and to display them to the user who cantake the corrections into account. Going further in thisdirection the revision module can be a knowledge basecombining algorithm able to automatically proposecorrections (e.g. [2]).Finally, the protocol can be easily replaced by anotherone, based for instance on a vote of the majority of thesubscribers, on the intersection of all of the knowledgebase or on economic decision making (for determiningthe introduction or not of knowledge into the base). Theprotocol is also designed independently of the content and

149language of the knowledge base. This enables to use itfor different pieces of knowledge (hypertext or classes aswell as tasks or equations). One could imagine to refinethe protocol for dealing specifically with theseexpressions. However, the specific aspect is actuallyassigned to the revision module which issues the reports.So, the architecture and the protocol provided aboveare independent of the knowledge repository and themodules which manage it.4 . 2 . Assisted revision in object basedknowledge basesThe aim of the update and revision controller is themodification of the knowledge base. It is usually a part ofthe knowledge base able to perform an authorisedoperation on a knowledge base or to raise an error. Therevision controller should be able, given an operation ona knowledge base, to resolve it in the most consistentway (this covers truth maintenance or, when an errormessage is raised, finding the best way to achieve theoperation). The aim of Co4 will be to proposemeaningful ways to realise it, the last word being that ofthe user or the subscribers.Assisted revision of knowledge base � i.e. the abilityof detecting error messages and proposing consistentchanges � is related to the problematic of knowledgebase revision. It is a real enhancement with regard tocurrent knowledge base management systems and isrequired by the submission of the knowledge of aparticular base to another.Knowledge base revision has been introduced in [1]:from a set A of axioms which deductively leads to atheory Th(A), let the operation ^ be such that A^p is theset of maximal subsets of A such that pˇ Th(A).Retraction (—) and revision (+) operations are defined suchthat A—p˛A^p if A^p„fl, and A—p=A otherwise. A setof eight postulates defines what are the possible retractionoperators (A^p is deductively closed, does not entail p,contains Th(A) if pˇTh(A), etc.). These postulates canalso be defined for revision.Syntactically, existing knowledge representationsystems are already capable of inference, consistencycheck and even revision since it is possible to add newobjets (or classes or field values, etc.). Thus thisframework can be applied to object-based systems: the setof axioms (A) is the content of a knowledge basecommunicated by the subscribers, the theory (Th(A)) iswhat is deducible from A.The decision problem on what is deducible or what isinconsistent is computationally language dependent. InTROPES, it seems that it is decidable but that somepredicates such as classifiability should be at least NP-complete. In object-based knowledge systems, theforeseen revision operators should have the followingproperties:¥They strongly take into account the syntacticstructure of the object-based representations, whichdefines the revision rules for the syntactic operatorsover objects (a class is less often modified than asimple instance for instance);¥They correspond semantically to the postulates forpreferred revision � the model preference beingdefined by a relationship between them�˚allowing the definition of a relational revisionoperator [1].TROPES is able to signal errors. This is the basis forupdate and revision. These errors are transmitted to thenegotiation system (errors are not just messages, butstructured objects enabling the identification of the error).This is systematically used in order to detect what are thecauses of the error and then what are the possiblealternative changes which may be issued. For instance,when an overly large domain is given to a field in a class,object-based systems issue errors such as �your domainincludes values which are not possible for the field�.However, the solution can be the restriction of the givendomain or the enlargement of the domain for the super-classes of the class (there may be other errors: the class isnot the right one, the field is not the right one, etc.). Asystem like TROPES must be able to find these simplecauses for errors and to prepare a repair action.More operationally, the aim of such operators is:1)localising quickly all the sources of inconsistency;2)finding repair solutions to these inconsistencies;3)ordering these sources and solutions with regard totheir syntactic nature;4)presenting them to the user.At least it is not intended that Co4 applies therevision by itself, but rather that it helps the researchersto easily revise their knowledge when it is inconsistent.In the framework of such a system, there are strongconstraints of speed and intelligibility. It seems that theseconstraints can be satisfied with the help of the use ofinteraction which allows fast feedback from the user andthe constraining structure of objects (which limit theexploding character of abduction and can reduce the size ofthe search space).Another promising idea is the revision operationbased on what a the users know and what they areinterested in. TROPES already supports, throughviewpoints, the selection of a particular perspective onknowledge. Ordering the topics of interest has alreadybeen used for expressing the semantics of revision withseveral people involved (in the expression of knowledge)[3].4 . 3 . Cooperation protocolThe cooperation protocol is based on the architectureof the knowledge bases (which ones are the group baseand which ones are the subscribers) and a complete set ofbehaviour rules [5]. This protocol has several properties:�there is no need for human intervention in thegroup base;�there is no message but from group base tosubscribers and back;�each decision has been approved by all thesubscribers (recursively for a group of group bases).The actual protocol is routed automatically (once aknowledge base has subscribed to another), theperformative and content levels are interpretedautomatically in the group bases and the performativelevel is automatically interpreted by the individualknowledge bases (however, the system asks the userbefore committing these performatives).

150The set of messages sent from one base to another areexpressed through a speech act (loosely inspired from�speech act theory�). Speech acts are used here forbuilding a set of relevant �artificial� acts rather thantrying to understand the �natural� speech acts occurring inordinary conversation (the same way the idea of agrammar has been borrowed by computer science fromlinguistics). Thus each particular act carries a precisesemantics (taken as the goal of the sender). The notion ofa speech act has several advantages for the particulararchitecture presented here:¥It allows the separation of knowledge from what itsuse (add or retract it from a particular base, forinstance);¥It is independent from the knowledge representationlanguage and the protocol can thus be expressedabstractly and the library implementing it can beused with other systems;¥It allows a speech act to refer to another speech act(retracting a submission, for instance).The inter-base communication uses KQML(Knowledge Query and Manipulation Language [6])which has been chosen because, in its early stages, itclearly distinguished the three levels required by Co4:Communication: to be used for the communicationlayer in order to route the message;Performative: to be used by the negotiation and revisioncontrollers in order to know what kind of action themessage is intended to achieve;Content: to be used by the knowledge base managementsystem. While building the protocol, some formal propertiesare required and ensured. For instance, under the followingassumptions:�there is always, in a finite amount of time, ananswer to a query (to an individual base),�there is not an infinite number of alternate-proposalfor a proposal, and,�different proposals are independent,each submission reaches the accepted or rejected status ina finite amount of time and this status is such that asubmission is accepted if and only if it agrees eachsubscriber. The two first assumptions are part of thefairness assumption of Co4 while the latter requirestaking into account the interaction between proposals.Difficulties with the cooperation protocol come fromthe fact that it must be closely suited to the needs ofcooperative knowledge base building. Otherwise,subscribers would work around it. The ideal protocolshould be mechanically interpretable (at least at theperformative level) and rich enough for coveringadequately all of the needs. The first requirement has beensuccessfully achieved through the construction of anautomatic group base protocol [5]. However, our presentprotocol is very simple (only 33 rules) and must beenhanced through experience and some assumptions mayhave to be relaxed. For instance, it does not take intoaccount the demand from a reviewer to clarify some point(this is planned but informal communication is not verywell taken into account by KQML).5.DISCUSSION AND RELATEDWORKSSo far, the Co4 system has been presented as anextension of existing systems and references to similarsystems have been avoided. In this section, Co4 is firstplaced in the many taxonomies of collaborative systems.Then the system is compared with the many currentworks on knowledge sharing. Co4 is particular in severalconcerns for knowledge sharing and collaborative work,thus the third part is dedicated to the explaination of theprinciples governing Co4 and of why they make it closeto some systems.5 . 1 . What is Co4?Co4 can find its place among the many taxonomies ofCSCW systems. With regard to [20] it has asynchronousindirect interaction, system based coordination, datahiding and is collaborative aware and technically nonflexible. While cooperative, Co4 dictates the way thecooperation is achieved. This takes into account the usualcontext in which research is carried out (as opposed to �isa general purpose support for cooperative work�) in orderto deal with usual attitudes as advocated by [11].Co4 allows the coordination of people for publishingresults they consider as achieved. So, as presented in [13],it is only tailored for the execution stage and enablesinformation sharing and activity coordination. As such, itdoes not aim at supporting the organisation ofcollaboration on a precise topic by planning experimentsand analysis. Extending Co4 is possible, but wouldrequire a very different interaction protocol such as thecontract net protocol [21].According to Ellis [4], Co4 would not be a groupwaresystem stricto sensu, but could be classified undercoordinated multi-user editor. By opposition to Gibb�sdefinition of groupware, people do not really share acommon environment since they work on their ownknowledge base. But they share the goal and the contentof the consensual knowledge base.Co4 shares many features with the coordinator [26].The coordinator is a system which allows people tosubmit requests and offers to others who can answer bydeclining, accepting or proposing an alternative. Thesystem is able to store these proposals and to manage thestate of each proposal. The main differences lie in thegoal of building a consensual knowledge base (commonto each individual), the formal treatment that Co4 canapply to knowledge and the hierarchical construction ofknowledge bases (and hence of the communication)instead of peer-to-peer communication.5 . 2 . Co4 and knowledge sharingThe knowledge sharing idea has been promoted as away to avoid constructing multiple knowledge bases andmultiple reasoning systems about the same domain. Itdefends, instead, the idea of sharing this achievement byeither merging the knowledge of several bases into one(knowledge sharing approach [16]) or submitting the

151problems to several accessible knowledge based systems(software agent approach [7]).There are some hints that knowledge sharing cannotbe achieved without sharing the building of theknowledge base itself. Knowledge sharing requires notonly the intelligibility of the knowledge descriptionlanguage semantics, but also the agreement on themeaning of concepts of the domain. A project for sharingthe construction of a knowledge base has already beendescribed in [19]: it aims at helping scientists to build aconsensual knowledge base about their scientific researchdomain. In this context, shared with the knowledgemedium idea [22], producing and maintaining theknowledge base constitutes an end in itself. Such aframework can also be used for huge scientific projects,distant collaborative works or knowledge elicitation inorder, for instance, to achieve a corporate memory.The Co4 approach differs from the software agentapproach because it considers a general architecture andthe homogeneity of agents and from the knowledgesharing approach because it assumes that knowledgecannot be shared unless the elaboration process has beenshared. The fact that all agents share a common goalrepresented by their common knowledge base is anotherunusual characteristics. This led to the design of a veryspecific interaction protocol and the enforcement ofconsistency in Co4.However, the Co4 principle is similar to that of theSHADE project [9] which has one foot in each world. TheSHADE project builds a knowledge medium which aimsat supporting the collaborative design of an artefact; inCo4 the artefact is the knowledge base. Such a systemmust enforce both the consistency and the agreement ofeveryone (human or software agent) involved into thedesign process. However, there are several technicaldifferences between both systems:¥The SHADE project uses pre-existing knowledgebases (in the knowledge sharing fashion). It thusputs less emphasis on knowledge base revisionthan Co4.¥In SHADE, agents can be very different while inCo4 all agents are equal (peers) and play differentroles (submitter, reviewer, etc.) depending on thesituation. The variety of agents constrains to takeinto account a variety of behaviours (which changesto notify, etc.) and requires tools for expressinghow to deal with them (publication of interest)which have not been considered here.The agents (bases) of Co4 are very structured sincethey already share their goal (establishing of knowledgebase) and a mode of organisation (subscription tree). Thesociety as a whole has to process a contract (building aconsensual base by submission) by opposition toestablishing a plan for achieving the goal. It does nothave resource allocation and coordination problems: theonly problem is communication. This multi-agentarchitecture is like the federated systems of [7], in whichagents communicate indirectly through facilitators. Here,each agent is connected to the other through itscommunication software which is a very specialisedfacilitator: only groups accept subscription and thecommunication is enabled only from one group to itssubscribers and from the subscribers to the group. Thegroup bases constitute the mediators between the actualusers. Their routing level is like both a KQML router anda very simple KQML facilitator; as a consequence, eachbase has the same router and facilitator components (atthe moment they have two: one for sending messages tothe group base and one to send messages to itscomponent bases). This is a divergence from the KQMLfacilitators which are considered as knowledge basesthemselves able to dialogue with any other knowledgebase.In the scientific community metaphor [12], close tothe software agent approach, the emphasis was onsolving problems rather than sharing knowledge. So theaspects of the building process of a corpus of knowledgehave not been considered. However, the basic propertiesof the system (commutativity, monotonicity, pluralismand parallelism) hold true for Co4.5 . 3 . The Co4 principlesCo4 is here presented in terms of a set of principleswhich provide the background of the system. Theseprinciples allow us to stress the differences between Co4and other efforts concerning knowledge sharing orcollaborative processes.5 . 3 . 1 . UniformityCo4 is made up of a set of knowledge bases. Anycooperator is viewed by the system as a knowledge base.For simplicity, all the bases are equipped with the samesoftware. Something interesting with regard to othercooperation schemes (and mainly the one used in thesoftware agent trend) is that the knowledge bases have thesame description language (this is to be contrasted withother approaches, in which agents are seen as knowledgebases but their languages can be heterogeneous). Thissimplifies the implementation and use of the system byallowing to stress the collaborative aspects, but, aboveall, this ensures that people are talking about the samerepresentation formula instead of a translated item. Ofcourse, each base cannot have its own representationsystem. However, the use of a language independent fromthe knowledge representation language (KQML),preserves the possibility to use heterogeneousrepresentation languages (but communication betweenbases expressed in different languages is, to ourknowledge, far from achieved). One can easily imagine aparticular agent able to translate the content of somesequence data bank into TROPES and able to submit it toCo4.5 . 3 . 2 . ConsistencyThe knowledge stored in group knowledge bases mustbe correct, consistent and consensual. This is in greatcontrast with what is currently developed over thenetworks: databases available through WAIS, Gopher orWWW do not have to be consensual nor consistent. Thedata is provided as such, without any warranty ofconsistency from the provider, and the retrievers have tomake it consistent before introducing it into their owndatabases. Other frameworks are also different in this

152respect: neither the knowledge sharing (when theopportunity to modify the shared knowledge isconsidered) nor the software agents provide any warrantyabout the consistency of the knowledge they provide.Moreover, the consistency is not only syntactic. Thecollaborative knowledge base building ensures that thecollaborators agree on all of the details of the base and itis expected that they also agree on the meanings theyassign to the terms. At the opposite, the knowledgesharing view allows the sharing of �ontologies� andmechanisms without caring that the meaning of thecomponents are agreed (see also [10] about ambiguousnames).5 . 3 . 3 . Good will and fair useOf course, a system such as Co4 is not suited for justany purpose. It is designed for a community whosecommon interests lie in the results obtained by thecommunity. In fact, Co4 is firstly dedicated to themembers of large groups of people sequencing genomesin different laboratories for which the better the results ofthe community, the better those of the subscribers. ThusCo4 does assume from its users, their good will (theywill submit their discovery and opposition to proposals)and a fair use (they will not delay some publication bynot reviewing it, they will not consume more resourcesthan necessary or submit proposals they know to befalse). So, there is no place for financial refunding,quotas, deadlines or control on the queries emitted: it isassumed that the use of Co4 will be fair enough (nosystematic submission of unverified material, etc.).However, this does not mean that there is no conflict:the conflicts are to be treated by negotiation upon aprotocol a bit stronger than those used in scientificjournals because it is more formal and it aims at reachingconsensus. Co4 includes an authentication of whoproposed a modification and who issued an alternateproposal in such a way that the discoveries can beacknowledged. There is also the obligation of citing thesources in the hypertext annotations; this should befacilitated by the availability of a citation editor in Co4.Co4 could be enhanced first by deadlines (for returninganswers, etc. [26]) and second by punishments for thosereviewers who take a very long time for reviewing (forinstance, suspension of their submissions). There alsocould be, for reviewing, an anonymity managementsystem which provides both independence and recognition[23].Assuming good will and fair use from the agents of adistributed system is not unusual but not alwaysexplicitly stated.5 . 3 . 4 . The paper submission metaphor Any system allowing the building of some artefactmust have a particular change policy. The Co4 protocolmimics that of scientific journals. To our knowledge, thescientific journal protocol has never been used for thatpurpose. The choice of such a protocol is not neutral:first it is well known within the community and, in theconsensual version, it enforces the dialogue betweenpeople (rather than a simple majority or intersectionprotocol). The requirements of consistency and formalityallow for more strictness concerning what is publishedand thus leads to a consensual rather than a reviewprotocol.6.CONCLUSIONAn architecture able to support the proposal of [19]has been presented. This proposal is original in tworespects: it allows for the sharing of knowledge instead ofnon formalised data and it emphasises the consistency andthe global coherency of shared knowledge. In summary, itis a formalised peer-reviewed scientific journal rather thana dazibao. For achieving this, we propose a knowledgebase system able to deal with formalised and nonformalised knowledge, consistent, because the formalisedknowledge constitutes a consistent corpus, consensual,because whatever is deposited in the base is agreed byeveryone, whose aim is the sharing of the knowledgebase elaboration process.Co4 has some limitations since the communicationprotocol is very restrictive (however, the same protocoldoes not prevent people from submitting to, reviewingfor and reading scientific journals). However, it will haveto be enhanced. The protocol itself is unable to accountgracefully for the concurrent submission of mutuallycontradictory proposals. These major weaknesses areunder consideration and will have to go throughexperimentation.The framework presented here is not restricted togenome research but can be applied to other researchfields, and to other activities such as the constitution of acorporate memory. Co4 is based on deep experience withindividual workstation design and use. A completeprototypical knowledge base management system hasbeen designed and implemented along these ideas. It hasbeen used, in various stages of achievement, for thedevelopment of ColiGene and MultiMap, and is nowbeing used for the implementation of a completecooperative computer system for genome sequenceanalysis. The collaborative part is in its beginning: aprototype system is currently developed in our teamusing the knowledge base management system TROPESand KQML as a communication support.ACKNOWLEDGEMENTSThis research is being supported by GREG(Groupement de Recherches et d�tudes sur les G�nomes)and by GdR CNRS ˙Informatique et G�nomes¨ (CNRS:Centre National de la Recherche Scientifique). The authorthanks Steve Jones, Fran�ois Rechenmann and JuttaWillamowski for their help.REFERENCES1.Carlos Alchourr�n, Peter G�rdenfors, DavidMakinson, On the logic of theory change: partialmeet contraction and revision functions, Journal ofsymbolic logic 50(2):510-530, 19852.Chitta Baral, Sarit Kraus, Jack Minker, V.Subramanian, Combining knowledge bases

153consisting in first order theories, Computationalintelligence 8(1):45-71 19923.Laurence Cholvy, Robert Demolombe, Reasoningwith information sources ordered by topics, Proc.6th international conference on artificial intelligence:methodology, systems, applications, Sofia (BU),pp151-162, 19944.Clarence Ellis, Simon Gibbs, Gail Rein, Groupware� some issues and experiences, Communication ofthe ACM 34(1):38-58, 19915.J�r�me Euzenat, Building consensual knowledgebases: protocol, Internal report, INRIA Rh�ne-Alpes, Grenoble (FR), 19956.Tim Finin, Richard Fritzson, Donald MacKay,Robin MacEntire, KQML as an agentcommunication language, Technical report CS-94-02, University of Maryland, Baltimore (MD), 1994(rep. in proc. 3rd CIKM, Gaithersburg (ML US),1 9 9 4 ) [ f t p . c s . u m b c . e d u : /pub/ARPA/kqml/papers/cikm.ps]7.Michael Genesereth, Steven Ketchpel, Softwareagents, Communication of the ACM 37(7):48-53,19948.Sylvain Grivaud, Fran�ois Rechenmann, Navigationdans les bases de connaissances associant objets ethypertextes, Actes 1er Repr�sentation par objets, LaGrande-Motte (FR), pp262-280, 19929.Thomas Gruber, Jay Tenenbaum, Jay Weber, Towarda knowledge medium for collaborative productdevelopment, in John Gero (ed.), Proc. 2nd.international conference on artificial intelligence indesign, Pittsburg (PA US), pp413-432, 1992[ksl.stanford.edu:/pub/knowledge-sharing/papers/shade.ps]10.Peter Karp, Michael Mavrovouniotis, Representing,analyzing and synthesizing biochemical pathways,IEEE Expert 9(2):11-22, 199411.Rob Kling, Cooperation, coordination and control incomputer supported cooperative work,Communication of the ACM 34(12):83-88, 199112.William Kornfeld, Carl Hewitt, The scientificcommunity metaphor, IEEE transactions on man,systems and cybernetics 11(1):24-33 (rep. technicalreport AI-memo 641, MIT, Cambridge (MA US),1981), 198113.Robert Kraut, Jolene Galegher, Carmen Egido,Relationship and tasks in scientific researchcollaboration, Human-computer interaction 3(1):31-58, 198714.Olga Mari�o, Fran�ois Rechenmann, PatriceUvietta, Multiple perspectives and classificationmechanism in Object-oriented Representation, Proc.9th ECAI, Stockholm (SE), pp425-430, 199015.K. Narayanaswamy, Neil Goldman, �Lazy�consistency: a basis for cooperative softwaredevelopment, Proc. 3rd CSCW, Toronto (CA),pp257-264, 199216.Robert Neches, Richard Fikes, Tim Finin, ThomasGruber, Ramesh Patil, Ted Senator, WilliamSwartout, Enabling Technology for KnowledgeSharing, AI Magazine 12(3):36-56, 199117.Christian Overton, Kimberle Koile, Jon Pastor,GeneSys: a knowledge management system formolecular biology, in G. Bells, T. Marr (eds.),Computers and DNA, pp213-239, Addison-Wesley,Reading (MA US), 199018.Guy Perri�re, Christian Gautier, ColiGene: object-centered representation for the study of E. coli geneexpressivity by sequence analysis, Biochimie75(5):415-422, 199319.Fran�ois Rechenmann, Building and sharing largeknowledge bases in molecular genetics, Proc.KB&KS workshop (International Conference onBuilding and Sharing of Very Large-ScaleKnowledge Bases), Tokyo (JP), pp291-301, 199320.Walter Reinhard, Jean Schweitzer, Gerd V�lksen,CSCW tools: concepts and architecture, IEEEcomputer 27(5):28-36, 199421.Reid Smith, The contract net protocol: high levelcommunication and control in a distributed problemsolver, IEEE transactions on computers29(12):1104-1113 (rep. in Alan Bond, Les Gasser(eds.), Readings in distributed artificial intelligence,pp357-366, Morgan Kauffman, San Mateo (CAUS), 1988), 198022.Mark Stefik, The next knowledge medium, A I magazine 7(1):34-46, 198623.David Stodolsky, Consensus journals: invitationaljournals based upon peer consensus, DatalogiskeSkrifter 29, 199024.Hidetoshi Takana, A private knowledge base formolecular biological research, Technical report 811,ICOT, Tokyo (JP), 199225.Jutta Willamowski, Fran�ois Chevenet, Fran�oisJean-Marie, A development shell for cooperativeproblem-solving environments, Mathematics andcomputers in simulation 36(4-6):361-379, 199426.Terry Winograd, A language/action perspective onthe design of cooperative work, Human-computerinteraction 3:3-30, 1987