A Mediator for Approximate Consistency:Supporting �Good Enough� Materialized ViewsLen SeligmanLarry KerschbergThe MITRE CorporationGeorge Mason Universityseligman@mitre.orgkersch@gmu.eduAbstractThis paper addresses the needs of application designers who would like totell an automated assistant the following: �Here is a query that defines a view Iwant to materialize within my application. I need this view to remain approximatelyconsistent with the state of the data sources from which the view is derived, inaccordance with declaratively specified staleness predicates. When the viewbecomes stale, follow the refresh strategy I specify (e.g., eager, lazy, hybrid). Youmust do this in heterogeneous environments containing both active and passive datasources.�This paper describes an architecture that realizes this vision. The approachsupports materialized, object-based views, called quasi-views, defined over shareddatabases. Quasi-views are refreshed according to the consistency conditions andrefresh strategies specified declaratively by application designers. These conditionsallow for the deviation of quasi-views from their database counterparts according towell-defined and monitored approximate consistency predicates. A layer ofsoftware called a Mediator for Approximate Consistency automatically generates thedatabase objects necessary to enforce these consistency conditions, shielding theapplication developer from the implementation details of consistency maintenance.In addition, it does this for both active and passive (e.g., legacy) data sources.This paper formalizes quasi-views, presents a declarative quasi-viewspecification language, and describes an architecture and implementation of aMediator for Approximate Consistency.1 . IntroductionMany data-intensive information systems have databases which are constantly being updatedby transactions, by sensor data from satellites, and by value-added processing of data to createinformation products. In addition, many automated information systems need to:¥transform and cache information from dynamic, shared databases,¥reason about the current state of those data, and¥perform long-running tasks without locking the objects about which they arereasoning, so as to allow concurrent access by other applications.Many of these applications can tolerate some deviation between the state of their caches and thatof the shared databases, as long as this deviation is within specified tolerances. Applications withthese characteristics include: (1) coordination of workflow among interconnected aspects of global

2enterprises (e.g.,˚design, manufacturing, distribution, etc.), (2) network management and faultdiagnosis, (3)˚on-line monitoring of complex environments, such as factories and power plants,(4) automated securities trading, and (4)˚tactical military planning.In previous work (Seligman and Kerschberg, 1993a, 1993b, 1995), we described therequirements of such applications and proposed an architecture for addressing those requirements.Since these publications, we have generalized and refined our approach, realized it in prototypesoftware, used it to construct an application, and analyzed its performance. This paper presentsthese new results.The approach supports materialized, object-based views, called quasi-views, defined overshared databases. Quasi-views are refreshed according to the consistency conditions and refreshstrategies specified declaratively by application designers. These conditions allow for the deviationof quasi-views from their database counterparts according to well-defined and monitoredapproximate consistency predicates.The approach relies on an intelligent interface to both active and passive data sources that wecall a Mediator for Approximate Consistency (MAC). The MAC has several unique features:(1)˚it permits applications to specify their consistency requirements using a declarative language;(2)˚it automatically generates the database objects necessary to enforce those consistencyrequirements, shielding the application developer from the implementation details of consistencymaintenance; (3)˚it does this in heterogeneous environments that include both active and passive(e.g., legacy) data sources; and (4)˚it provides mechanisms for resolving data heterogeneity issuesbetween client applications and the databases that serve them.This paper is organized as follows. Section 2 introduces quasi-view objects, which extendquasi-caching to support the transformation of objects before they are cached. In addition, itdefines a declarative language for specifying quasi-views, based on a modest extension to SQL,and provides illustrative examples. Section 3 presents an architecture and design for approximateconsistency mediators, including an approach to coping with heterogeneous environments.Section 4 describes an implementation of the approach in prototype software, the development of aproof-of-concept application, and a performance analysis. Section 5 compares the MAC withrelated work. Section 6 presents our conclusions and some directions for future research.2 . Quasi-viewsThis section describes quasi-views, which extend quasi-caching (Alonso, et al., 1990) byadding support for: (1)˚resolving heterogeneity issues between data sources and receivers, and (2)new types of consistency conditions. In addition, this section presents a language for specifyingquasi-views and provides illustrative examples.2 . 1 . Quasi-views: Description and Formal FrameworkInformally, a quasi-view is a materialized view whose instances are allowed to deviate incontrolled ways from the corresponding instances of a similarly defined traditional view. A quasi-

3view is to a traditional view as a quasi-cache is to a traditional cache in which perfect coherency ismaintained. We now define quasi-views more formally, beginning with the concept of a quasi-view server.Definition. A quasi-view server QVS is a data source from which quasi-views (definedbelow) can be derived. Quasi-view servers are typically databases, though they can also be flatfiles, text-based information retrieval systems, geographic information systems, spreadsheets, orother data sources, as long as they have available query language front-ends or gateways to a localdata access language. A quasi-view server QVS may be a centralized or distributed database, or afederation of databases.Assume that C is a class in a quasi-view server QVS. It has attributes {A1...Am}, each withan associated domain, and may have a set of methods. Each server class C has an extent ofinstances. An instance of C is referred to as an oi. Each object oi has a value vk for each attributeAk ˛ {A1...Am} of C, and that value must be in the domain of Ak.Definition. A quasi-view class Q is a class in a client application which is defined by aseven-tuple:Q = <N, S, A, B, V, w , H>where N is the class name, S is a (possibly empty) set of superclasses, A is a set of attributes, B isa set of behaviors, V is a query language view expression, w is a set of staleness conditions, and His a set of implementation hints to the quasi-view server. Some of these require additionalclarification:¥A, the attributes of Q, can include both locally defined attributes, as well as thoseinherited from any superclasses of Q. A includes attributes whose derivations arespecified in the query language view expression V. In addition, there may beattributes in A which are not derived from objects in the server and which are onlymeaningful within the application.1¥B is a (possibly empty) set of behaviors that can include both locally definedmethods, as well as inherited ones.¥V is a query language view expression against one or more classes in the quasi-viewserver. This query describes the conditions under which a quasi-copy (definedbelow) should be created in the client application. In addition, V describesderivations for all derived attributes in A. Each of these derivations is a mappingfrom a set of attributes of one or more server classes to an attribute ai ˛ A. Thesederivations can use functions which traverse relationship links and can use anymethods defined for server classes being accessed. Importantly, the derivations can

1These are called �transient slots� in (Paepcke, 1989).

4include arbitrary functions, which can be nested as required. As a result, functionscan be used as in (Ahmed, et al., 1991) to reconcile both representation and semanticheterogeneity between Q and the server classes from which it is derived.¥w, the staleness conditions, describe the conditions under which instances of Q are tobe considered stale�i.e., they no longer meet the specified coherency conditions.2¥H is a set of implementation hints. The most important of these is therefresh-strategy, which tells the quasi-view server what to do when a quasi-copy�sstaleness-conditions have been satisfied. Possible values for refresh-strategy include�eager� (i.e., refresh the quasi-copy immediately), �lazy� (i.e., send only a flagindicating that the quasi-copy is now stale, then refresh when the object is nextaccessed), �opportunistic� (i.e., �use an eager refresh strategy when the network loadpermits and a lazy strategy otherwise�), and �eager except <attribute-list>� (i.e.,�refresh immediately, except for the listed attributes�). The last option permits aneager strategy to be used for some attributes, while using a lazy strategy for images,video, or other large objects which may be costly to transmit.Other possible implementation hints include the priority of messages to theclient about this quasi-view class (vis a vis other quasi-views) as well as informationabout static data that the server need not continually monitor. In certain cases, suchhints can have significant performance benefits. The set of allowable implementationhints should be extensible, to allow implementors to provide hints that would beuseful in particular environments.Definition. A quasi-view object is an object in a client application which is an instance of aquasi-view class. Following Alonso, et al., we sometimes refer to a quasi-view object as a quasi-copy.Quasi-view objects, like the view-objects of Barsalou, et al. (1991), are objects which areconstructed from query expressions against a pivot class (or relation) and a set of additional classes(or relations) to which the pivot class is related.3 Each quasi-view object oi¢ of a quasi-view classQ is a quasi-copy of some oi�i.e., an instance (or tuple) of the pivot class (or relation) fromwhich Q is derived. In our formulation, unlike that of (Alonso, 1990), a quasi-copy oi¢ can besubstantially transformed from the oi from which it is derived.

2Staleness conditions (i.e., the conditions under which the quasi-view becomes stale) arethe complement of coherency conditions (i.e., the conditions under which the quasi-view is stillacceptable). We use �staleness� rather than �coherency� conditions, because our users found itmore intuitive to specify the conditions under which something ought to happen (e.g., a refresh)rather than those under which coherency remains acceptable.3A pivot relation is a relation on which a view-object is �anchored,� constituting its corecomponent. The concept is formally defined in (Barsalou, et al., 1991).

5Example. A quasi-view server contains the following relation: Stock(name, code, category,current-price, chairman-video). Suppose one wants to create a quasi-view class called Blue-Chip-Stock which is derived from Stock. A possible quasi-view class definition follows:N = Blue-Chip-StockS = {Investment}A = {name, stock-code, current-price, last-ceo-press-conference, sell-at-price,buy-at-price}B = {Buy, Sell}V = �Select name, stock-code = code, current-price = Dollars-to-yen(current-price), last-ceo-press-conference = Convert-format(chairman-video)From Stockwhere category = �Blue Chip�w = {�When current-price deviates by more than 5% from the currently cached price�}H = {refresh-strategy = �Eager except {chairman-video}�,static-fields = {name, stock-code}}Blue-Chip-Stock has one immediate superclass called �Investment.� The attributes of Blue-Chip-Stock are name, stock-code, current-price, last-ceo-press-conference, sell-at-price, and buy-at-price, and its methods are Buy and Sell. The query V indicates that instances of Blue-Chip-Stock should be created for all instances of Stock for which category = �Blue Chip�. In addition,the query describes the derivations of name, stock-code, current-price, and last-ceo-press-conference: they get the values of Stock.name, Stock.code, Dollars-to-yen(Stock.current-price),and Convert-format(Stock.chairman-video) respectively, where both Dollars-to-yen and Convert-format are functions defined within the quasi-view server. (Derivations are not provided for sell-at-price and buy-at-price; those are non-persistent attributes of Blue-Chip-Stock which only havemeaning within the particular application.)When the staleness conditions, w, are satisfied as a result of an update to an instance of Stock,then the corresponding quasi-copy is considered stale. The first specified implementation hintconcerns refresh-strategy. Because the refresh-strategy is �Eager except {chairman-video}�, stalequasi-copies are refreshed immediately, with the exception of the value of the attributechairman-video, which is refreshed lazily. The second implementation hint indicates that thevalues of name and stock-code are static and therefore do not need to be refreshed.2 . 2 . Specifying Quasi-view ClassesThis section presents an extension of SQL that can be used to specify quasi-view classes. Theproposed language provides a clean separation of the quasi-view definition from optional hints thatcan be given to the quasi-view server so as to increase performance. An EBNF grammar for thespecification language is shown in Figure 1.4

4Space does not permit a detailed language description; such a description can be found in(Seligman, 1995).

6<quasi-view-def> ::=create quasi-view quasi-view-name (<target-list>)[under superclass {, superclass}*]as <select-statement>[with staleness conditions <staleness-conds>][with hints <hint> {, <hint>}*]<target-list>::=client-attribute-name {, client-attribute-name}*<select-statement>::=select [always] <value-exprs>from class-name {, class-name}*[where predicate]<value-exprs>::=<value-expr> {, <value-expr>}*<value-expr> ::=[server-class-name.]server-attribute-name |constant |function(<value-expr> {, <value-expr>}*)<staleness-conds> ::=any change | never | <staleness-cond> {, <staleness-cond>}*<staleness-cond> ::=any change to server-atttribute-name |{value | percent} server-attribute-name positive-integer |version positive-integer |time positive-integer time-unit |predicate(<value-exprs>) |user-defined-deltapredicate (delta(<attribute-list>) [, <value-exprs>])with delta-function function<hint>::=refresh-strategy <refresh-strategy> |retract-instances {yes | no} |static-attributes <attribute-list><refresh-strategy>::=eager | opportunistic | lazy |eager except <attribute-list> |opportunistic except <attribute-list><attribute-list>::=server-attribute-name {, server-attribute-name}*Figure 1. SQL Extension for Specifying Quasi-view ClassesFigure 2 illustrates a specification for a quasi-view class called FriendlyTrack, which providesposition and other information on military ships and planes from selected allied countries.FriendlyTrack has attributes ID, Velocity, Location, Home-port, Image, Flag, and Force-magnitude, and it has one superclass, InterestingEntity. The �select always� statement means thatan instance of FriendlyTrack should be created whenever there is an instance of Track with Flagequal to either �US�, �UK�, or �DE�. Had �always� been omitted, the quasi-view would containonly those instance of Track satisfying the predicate at quasi-view initialization time; the serverwould not continue to monitor for new Track instances meeting the predicate.Following the keyword �always� is a list of derivations of attributes of FriendlyTrack. Thesederivations are illustrated in Figure 3. ID, Image, and Flag are derived trivially from Track.ID,Track.Image, and Track.Flag respectively. Location is derived by applying the function list to thearguments Track.Latitude and Track.Longitude. The derivation of Home-port illustrates theresolution of structural heterogeneity; it is derived by applying the name function to the value ofTrack.Home-facility, whose domain consists of instances of the class Facility. More complexforms of heterogeneity could be resolved similarly using arbitrary functions (nested as required) inderivations. No derivation is specified for the attribute force-magnitude, because it is anonpersistent attribute only meaningful within the application program.

7The staleness conditions describe the conditions under which the quasi-view no longer meetsthe user�s specified coherency requirements. This occurs when Track.Speed varies by more than50 percent from the value of Velocity for a corresponding quasi-copy, whenever a cached instanceof Track is updated 5 or more times since the last refresh, or whenever Track.Image is updated.create quasi-view FriendlyTrack(ID, Velocity, Location, Home-port, Image, Flag, Force-magnitude)under InterestingEntity asselect always ID, Speed, List(Latitude, Longitude), Name(Home-facility), Image,Flagfrom Trackwhere Flag in (�US�, �UK�, �DE�)with staleness-conditionspercent Speed 50,version 5 , any change to Image,user-defined-delta> (delta (Latitude, Longitude), 20))with delta-function Distance-using-lat-longwith hintsrefresh-strategy eager except ImageFigure 2. Example Quasi-view SpecificationThe last staleness condition in Figure 2 is a user-defined-delta, a type of condition which wasessential for our prototype applications and which is not discussed in previous work. User-defined-deltas are used to describe data changes in the server that cause quasi-copies to becomestale when those conditions depend upon changes to multiple attributes or to non-atomic or non-numeric attributes. The example illustrates how a user-defined-delta can track the magnitude ofchanges in Location, which is represented as a pair of complex attributes. The interpretation of thelast staleness condition is this: a quasi-copy becomes stale when the change in <Latitude,Longitude> exceeds 20, where the delta is measured by invoking the function Distance-using-lat-long with the arguments Latitude, Longitude, Cached-value-for-Latitude, and Cached-value-for-Longitude.One implementation hint is specified in Figure 2: that the refresh strategy is �eager exceptImage.� This indicates that quasi-copies should be refreshed as soon as they become stale, exceptfor the attribute Image, which is refreshed only when it is accessed.

8FacilityNameLatitudeLongitude

NeutralTrack IDVelocityLocationImageFlagHome-portForce-Magnitude

InterestingEntityis-a

Track IDSpeedLatitudeLongitudeHome-facilityImageFlag

list¥Classes in Quasi-view ClientClasses in Quasi-view Server

has-home-facility

DerivationsDerivations

Figure 3. Attribute Derivations for Example3 . Approximate Consistency MediationCentral to our approach to consistency management across heterogeneous systems is aMediator for Approximate Consistency (MAC). An architecture for approximate consistencymediation is presented in (Seligman and Kerschberg, 1993b). This section presents a refinementof that architecture which better supports the needs of heterogeneous systems.The term mediator was defined by Wiederhold (1992a) and refers to software that �simplifies,abstracts, reduces, merges, or explains data� in order to �create information for a higher layer ofapplications.� A mediator for approximate consistency abstracts away most changes to underlyingdata sources and only reports those updates the application has defined as being �significant.� TheMAC provides a �consistent enough� view of the component data sources (in terms of the stalenessconditions described in a quasi-view specification) for the application to accomplish its tasks.Figure 4 illustrates our architecture for approximate consistency mediation. The mediator itselfconsists of three major submodules: the Translator, which processes requests from applications tothe component data sources, the Message Handler, which manages a queue for handling messagesfrom data sources to client applications, and language-specific application programming interfaces(API) to the mediator. In addition, the approach relies on wrappers, which provide descriptions ofthe sources, including the capabilities of the database management systems or other software thatmanage them.

9metadata queries and returned metadata on source Yquasi-viewmaintenanceobjectsCache refresh and staleness messages

Wrapper for Active Data Source X

Wrapperfor Passive Data Source YActive Data Source X

Translator

PassiveSource YPollingProcedure

MessageHandlerMAC�

Language-specific API (e.g., CLOS)

Language-specificAPI (e.g., C++)

Application-1

Application-nquasi-view class definitions, refresh requestsquasi-view class definitions, refresh requestscache refresh and staleness messagescache refresh and staleness messagescode to install polling procedure on serverCache refresh and staleness messagesquasi-view maintenance objects in language of sourcemetadata queries and returned metadata on source X

Figure 4. Architecture for Approximate Consistency MediationAn application declaratively specifies its consistency requirements by defining quasi-viewclasses using either the SQL extension described above or using a language-specific API, such asthe one implemented for the Common Lisp Object System (CLOS) (Seligman, 1994). The APIconverts quasi-view specifications into a canonical form expected by the Translator. Applicationsalso can use library functions provided by the API to modify existing quasi-view class definitions(e.g., their staleness conditions) or to request an immediate refresh of some or all of the instancesof specified quasi-view classes.3 . 1 The TranslatorThe Translator generates the rules, objects, and/or programs necessary to maintain the specifiedquasi-view classes. In order to do this in a heterogeneous environment, the Translator queries the

10wrappers of relevant data sources. Each wrapper returns metadata which describes the activecapabilities of the source�s data manager (i.e., DBMS, file system, etc.), the privileges granted tothe mediator (e.g., does it have permission to create rules on this source?), as well asmiscellaneous administrative information.The Translator uses the metadata returned by the wrappers to determine what objects togenerate. There are two main categories of sources for which monitoring objects must begenerated: active and passive ones. Active sources are those which support Event-Condition-Action (ECA) rules (Hanson and Widom, 1995), while passive sources are those which do not.Note that active sources can include passive sources (e.g., legacy databases) which are �wrapped�to support rule processing. For example, one could replicate a subset of a passive database in anactive one using �asynchronous replication� software such as that offered by Sybase, Oracle, orIBM (Stacey, 1994). The consistency mediator could regard such a source as being active.For passive data sources, the Translator generates a procedure which polls the sourceperiodically to determine if any quasi-views need to be refreshed. Note that active databases onwhich the mediator lacks Create Rule privileges must be considered passive by the Translator,unless the source is wrapped as described in the previous paragraph.For active data sources, the Translator translates declarative quasi-view specifications into thefollowing: (1) queries to be executed immediately, (2) rules for monitoring the future state of thedatabase, and (3) data definition language commands that result in the creation of and updates tostaleness conditions as well as other quasi-view maintenance objects in the database. The queriesthat are to be executed immediately are used to initialize the extension of the quasi-view class. Therules are of three types: selection-rules, that are used to monitor the data source for conditionswarranting the creation of a new instance of the quasi-view class; retraction-rules, that monitor thedatabase for conditions under which a quasi-copy should be purged; and refresh-rules, that areused to monitor the database for conditions which cause quasi-copies to be considered stale.In addition to an initialization query and the rules described above, the Translator must create anumber of other objects to help the mediator ensure that the defined coherency conditions areenforced. These objects represent information on the currently defined staleness conditions and thequasi-views they support, what base table (or base class) instances are constrained by which quasi-views, and state information on some of the quasi-copies, particularly those that are constrained bydelta conditions (e.g., refresh when attribute a varies by more than 20% from its cached value).While it would be possible to represent all this information in rules, we recommend against thisin order to minimize the number of rules required and to avoid frequent run-time changes to therule-base. There are two reasons for wanting to do these things. First, there is an autonomyissue. Database administrators are aware that rules have great power. DBAs with whom we havespoken are uncomfortable with having mediators (or users) install and make frequent changes todatabase rules. Second, unnecessary rule-base changes should be avoided for performancereasons. In many active databases, particularly those that maintain a Rete network or otherwiseincrementally compute condition results, adding and deleting rules is computationally expensive.

11Name: R_1Event: update to track.speedCondition: new.ID = �001� AND(new.speed ‡ 500 OR new.speed £ 200)Action:set rule.condition toconcat(�new.ID = �001� AND �,�(new.speed ‡ �,compute_new_high_threshhold(new.speed),� OR new.speed £ �,compute_new_low_threshhold(new.speed), �)�)where rule.name = �R_1�Figure 5. Example of a Self-modifying RuleBased on the above, we offer some design guidelines for approximate consistency mediators,which we have followed in our own implementation. First, we suggest the use of separate objectsto represent required information on the state of the quasi-copies, instead of embedding thatknowledge in rules. Figure 5 shows an example of a rule that violates this guideline. The problemwith this approach is that it requires self-modifying rules, with which few DBAs would becomfortable. Self-modifying rules are required, because every time a quasi-copy is refreshed, theconditions of relevant rules need to be changed to reflect the new thresholds beyond which thequasi-copy again becomes stale. For these reasons, we have removed the quasi-copy stateinformation from monitoring rules and have put it in separate objects, as discussed below.Another design suggestion is to define the rules that check staleness conditions at the class (notthe instance) level. Instance level rules require both more rules and rule base maintenance. E.g.,for the example presented in Figure 2, there should be one rule monitoring the database forstaleness conditions for all Track instances, not one for each instance for which there exists aquasi-copy.These guidelines led us to our current design, in which the Translator generates instances of thefollowing classes:¥Quasi-view, which contains general information on the quasi-view class.¥Staleness-condition-definition, which has subclasses for the different kinds ofstaleness conditions (e.g., delta, version, user-defined-delta). This class representsall information on a staleness condition that applies across all instances for whichquasi-copies exist.¥Staleness-condition, which contains information needed to evaluate the conditionsdescribed in Staleness-condition-definition objects as they pertain to particularinstances. This includes information on the state of the quasi-copies. Subclasses ofStaleness-condition include delta-condition, version-condition, and user-defined-delta-condition.

12¥Staleness-condition-collection, which provides a way of grouping all the staleness-condition objects that pertain to a particular database instance.¥Refresh-rule, which triggers checking of staleness-conditions. For reasons describedabove, there is only one refresh-rule for each server class from which quasi-views arederived.Figure 6 illustrates the objects that are created and maintained by the Translator to supportmaintenance of approximate consistency. The example chosen is the quasi-view class specificationfrom Figure 2, which has the following staleness conditions:percent Speed 50,version 5 , any change to Image,user-defined-delta> (delta (Latitude, Longitude), 20))with delta-function Distance-using-lat-longThe Translator uses this specification of consistency requirements to create the objects shownbelow the dashed line in Figure 6. Four instances of subclasses of Staleness-condition-definitionare created: delta-condition-definition-1, version-condition-definition-1, always-condition-definition-1, and user-defined-delta-condition-definition-1. One rule, refresh-rule-1, is used todetermine when the conditions should be tested.Figure 6 also illustrates what happens when two Track instances, track-1 and track-2 (shownabove the solid line), meet the selection conditions for the quasi-view and have quasi-copiescreated for them. At that time, the objects shown between the dashed and solid lines are created.When the quasi-copies are created, a Staleness-condition-collection is created for each cachedinstance. Each Staleness-condition-collection contains pointers to instances of subclasses ofStaleness-condition. For example, staleness-condition-collection-1 has pointers to its constituentStaleness-conditions: delta-condition-1, version-condition-1, and user-defined-delta-condition-1.These in turn have pointers to the objects that maintain information on the definitions of the refreshconditions�i.e., delta-condition-definition-1, version-condition-definition-1, and user-defined-delta-condition-definition-1. No Staleness-condition object is required for the �any change toImage� condition (i.e., an �always� staleness condition), because this condition type has no needto record information on the state of any quasi-copies.Now suppose that track-1 has its Speed changed to 26. In that case, refresh-rule-1 would haveits event triggered (because of the update to an instance of Track). Because the rule�s condition isalways True, the action would be executed. The rule�s action issues a query over instances ofStaleness-condition-collection searching for any with a constrained-instance slot that points totrack-1. Then, for each Staleness-condition-collection returned by the query (in this case, onlystaleness-condition-collection-1), the condition-satisfied method would be evaluated, which wouldin turn check delta-condition-1, version-condition-1, always-condition-definition-1, and user-defined-delta-condition-1. Because none of these would return True, the quasi-copy would not be

13refreshed. The only action that would result is that the updates-since-last-refresh slot of version-condition-1 would be incremented.The fact that the quasi-copy is not refreshed after this update to track-1 is consistent with thegoals of quasi-views. Recall that a quasi-view specification declaratively describes what kinds ofchanges constitute significant changes to the application. The application should be insulated fromall changes which fail this significance test. In this case, the active database has successfully donethis filtering and has done so using objects that the MAC generated automatically from the quasi-view specification.Now suppose that track-1 has its Latitude changed to �39.8 N� and Longitude changed to�125.1 E�. Again, refresh-rule-1 would have the same initial effect, causing evaluation of thecondition-satisfied method of staleness-condition-collection-1, which in turn would check thestaleness conditions to which it points. When user-defined-delta-condition-1 is checked, thepredicate of the corresponding user-defined-delta-condition-definition is evaluated. This time,when the predicate is evaluated, suppose that distance-using-lat-long returns 42 (i.e., track-1 hasmoved 42 miles from the location in the quasi-copy). Since that is greater than 20, the predicatewould return True, causing the condition-satisfied methods of staleness-condition-collection-1 toreturn True. Referring to the definition of refresh-rule-1 (shown in Figure 6), one can see thatprocess-stale-quasi-copy would be called. This not only refreshes the quasi-copy but also updatesuser-defined-delta-condition-1 and version-condition-1 with new values for cached-values andupdates-since-last-refresh respectively.Again, this behavior is consistent with the goals of quasi-views. The user-defined-delta-condition-definition that is part of this quasi-view is intended to ensure that only significantchanges in location are reported. Because distance-using-lat-long reported that the changeexceeded the significance threshold specified in the predicate, the quasi-copy is considered stale.The quasi-copy is refreshed immediately with the exception of the attribute Image, in accordancewith the stated refresh-strategy. Again, this is accomplished by objects that the MAC hasgenerated automatically from the declarative quasi-view specification.

14(Track)(always-condition-definition-1)

(delta-condition-definition-1)

(version-condition-definition-1)

(quasi-view-1)

(Track)

(staleness-condition-collection-1)

(delta-condition-1)

(version-condition-1)

(user-defined-delta-condition-1)

(staleness-condition-collection-2)

(version-condition-2)

(delta-condition-2)Updates-since- last-refresh: 0Updates-since- last-refresh: 0Cached-value: 20High-limit: 10Low-limit: 30Cached-value: 30High-limit: 15Low-limit: 45Name: Track-2Flag: "UK"Speed: 30Latitude: "37.6 N"Longitude: "121.6 E"Image: <Binary Object>Combination-operator: OR Combination-operator: ORName: Track-1Flag: "US"Speed: 20Latitude: "39.1 N"Longitude: "125.2 E"Image: <Binary Object>Constrained-class: TrackTriggering-rule: refresh-rule-1Constrained-attributes: (Image)Type: versionConstrained-class: TrackTriggering-rule: refresh-rule-1Epsilon: 5Type: percentConstrained-class: TrackTriggering-rule: refresh-rule-1Constrained-attribute: SpeedEpsilon: 50Application-class: FriendlyTrackServer-Class: TrackInitial-Query: (select Track (member Flag ’(US UK DE)))Refresh-strategy: (eager except (Image))Refresh-rules: refresh-rule-1Cached-values: "39.1 N" "125.2 E"

(user-defined-delta-condition-2)

(user-defined-delta-condition-definition-1)Predicate: (> (Distance-using-lat-lon (Latitude *self*) (Longitude *self*) (first *cached-values*) (second *cached-values*)) 20)Objects above the solid line are database instances. Type: User-defined-deltaConstrained-class: TrackTriggering-rule: refresh-rule-1Constrained-attributes: (Latitude Longitude)Delta-function: Distance-using-lat-long

(refresh-rule-1)Event: Update to TrackCondition: TrueAction: (loop for staleness-conds in (select staleness-condition-collection (equal constrained-instance *new*)) do (if (condition-satisfied staleness-conds) (process-stale-quasi-copy (quasi-view staleness-conds) *new*)))))Objects below the dashed line are generated by the Translator when it processes quasi-view specifications. Objects between the lines are created when quasi-copies are created.Cached-values: "37.6 N" "121.6 E"Figure 6. Objects Generated by the Mediator3 . 2 The Message Handler and Application Programming InterfaceThe previous section described the role of the Translator in generating the objects necessary tomonitor both active and passive data sources for changes which should result in creating, deleting,or modifying instances of a quasi-view or in marking them as being stale. Once those objects aregenerated, there must be a mechanism for notifying the application that these operations shouldtake place. That mechanism is provided by the Message Handler and the API.The Message Handler receives notification of updates to the quasi-view extension from the datasources and stores those messages in a priority queue until the application is ready to receive them.

15The Message Handler accepts both synchronous messages, which are immediate responses toqueries forwarded to the database by the Translator, and asynchronous messages, which resultfrom rule firings within active data sources or from generated procedures that poll passive datasources. The asynchronous messages can be either refresh messages, which result in creation,deletion, or update of instances in the quasi-view, or staleness messages, which mark certainquasi-view objects (or specific attribute values of those objects) as being stale.The API provides functions to dequeue messages from the Message Handler queue and to mapthem to operations (e.g., insert, update, and delete) in the client environment. In addition, the APIincludes support for a lazy refresh strategy. This includes extending the built-in accessor functionsfor the attributes of a quasi-view class so that they perform object faulting whenever an object (or aspecific attribute value) being accessed is marked as stale. For example, the accessor functiondefined for Stock.chairman-video (from the example in Section 2.1) checks to see if the currentvalue for that attribute is stale. If it is, it issues a refresh request to the translator, which translatesthe request into a query against the component data source.53 . 3 Resolving Data HeterogeneityThere are two main types of source/receiver heterogeneity with which applications mustcontend: infrastructure heterogeneity (e.g., differences in data models, languages, DBMSs) anddata heterogeneity. This work addresses some aspects of infrastructure heterogeneity in Section3.1, particularly differences in the �activeness� of data sources.6 We now discuss briefly ourapproach to resolving data heterogeneity, including both representation and semantic heterogeneity.As described in Section 2, arbitrary functions can be used in the derivations of attribute valuesfor the instances of a quasi-view class. These functions can be used to resolve both representationand semantic heterogeneity between data sources and client applications. One way to do this is forthe application developer to specify these mappings explicitly.A more flexible approach is to use a mediator to generate these mappings, as in the contextmediation work of Sciore, Siegel, and Rosenthal (1994). A context mediator can generate a viewspecification from declarative descriptions of the data receiver (i.e., an application), the datasources, their mappings to a common ontology, and a library of conversion functions. While theMAC could be enhanced to provide this functionality, we prefer to use a more modular approach inwhich context mediation is separated from consistency management. For example, a contextmediator could generate a view that resolves source/receiver heterogeneity. This generated viewwould be used as the foundation of the quasi-view specification. The application developer would

5This functionality is most easily provided in languages like CLOS that provide goodmetaclass support. In these languages, one can create a metaclass for quasi-view class whichautomatically gives accessor functions for the slots of that class the required object faultingfunctionality.6Many other aspects of infrastructure heterogeneity (e.g., heterogeneity in data models andlanguages) are receiving considerable attention in the commercial marketplace (Rosenthal andSeligman, 1994).

16need to add only the application�s consistency requirements (e.g., staleness conditions and refreshstrategy). This kind of flexible combination of mediators is exactly what is envisioned byWiederhold (1992b).4 . Prototype ImplementationThe MAC architecture described above has been realized in prototype software. This sectiondescribes the prototype and our experiences developing a proof-of-concept application. It closeswith a brief discussion of the performance consequences of using the MAC.4 . 1 Application-independent Portions of the PrototypeThe prototype implementation is illustrated in Figure 7. The application-independent parts ofthe prototype include the MAC, which includes the Translator, the Message Handler, and aCommon Lisp Object System (CLOS) application programming interface (API); the ARROWactive object database; and an end-user tool for modifying quasi-view definitions.The MAC prototype implements the functionality described in the previous section�i.e.,taking a declarative quasi-view specification and automatically generating the rules and otherobjects required to properly maintain the quasi-view extension. A detailed description of thetechniques for generating these objects appears in (Seligman, 1994).The current MAC implementation generates these objects for ARROW, an extensible, activeobject database we implemented by extending Itasca, the commercial implementation of Orion(Kim, 1990). The most notable feature of ARROW, other than support for Event-Condition-Action rules, is its extensibility�its behavior (e.g., its conflict resolution strategy) can be modifiedeasily by making small changes to the methods of a small number of ARROW classes. More detailon ARROW can be found in (Seligman, 1994).The MAC has been implemented in Common Lisp running on a Sun Sparcstation under theUnix operating system. To date, we have implemented only a CLOS API. However,development of a new API would be a modest effort requiring only the following: (1) apreprocessor to transform quasi-view specifications from an extension of the application language(e.g., a C++ extension) to our canonical quasi-view specification language and (2) code to mapcanonical refresh messages into statements processible by the application (e.g., new in C++).To define a quasi-view class and its characteristics, one uses the quasi-view specificationlanguage described in Section 2.2. Modifications to the specification are done using methodsdescribed in (Seligman, 1994), which enable staleness conditions and other aspects of the quasi-view definition to be modified at run-time. While these interfaces are appropriate forprogrammers, we wanted to demonstrate that tools could be created to assist end-users withdefining and modifying quasi-view specifications. In our prototype implementation, we havedeveloped a Staleness Condition Editor, a tool with a graphical user interface that providesassistance with the latter task.

17DDL, DML

ARROW Active Object DBMS

rules and other objects for maintaining quasi-view extensionslanguage explanation of the currently selected condition. The condition in Figure 8 means thatquasi-copies in this quasi-view should be refreshed whenever the value of wind-speed in thecorresponding class in the server changes by more than 15 from the cached value.7Interprocess communication in the prototype is achieved by using Itasca�s Remote Lispapplication programming interface, which enables two (potentially distributed) processes tocommunicate using Unix sockets.

7The tool assumes the use of an eager refresh strategy.

18

19monitor mission plans. The user describes his data consistency requirements using the quasi-viewspecification functions provided by the application programming interface to the MAC.Modifications to quasi-view specifications are done with the tool described in the previous section.Both quasi-view definitions and modifications are sent to the Translator, which generates aninitialization query, selection, retraction, and refresh rules, as well as other objects for enforcingthe specified conditions. These are all created in the data definition and data manipulation languageof ARROW (i.e., the query language of Orion plus extensions for supporting ECA rules). Whenselection, retraction, and refresh rules fire in ARROW, information on domain instances is sent tothe Message Handler. The display program requests messages from the Message Handler via theAPI, which maps the messages to inserts, updates, and deletes of CLOS objects in the applicationcache. The display program then displays all relevant application knowledge base updates to theuser.This application has several characteristics that make it well suited to the MAC. First, there isan overwhelming amount of data that could be presented to the user. Users must have the ability tospecify what information is significant and have only that information presented to them. It isessential that users be able to describe selection conditions (i.e., the conditions under which theywill be made aware of the existence of an entity) and refresh conditions (i.e., the conditions underwhich they will be notified of updates to a selected entity). Second, users must be able to specifyseveral different types of refresh conditions, as described below. Third, tolerances for the kindand degree of data inconsistency depend on the type of data and on the current situation. Fourth,users must have control over the enforced consistency constraints and must be able to change themwith no interruption in service. Finally, this application has another characteristic that makes theMAC especially suitable: The networks have extremely low bandwidth. As a result, minimizingthe amount of network traffic is an important goal.84 . 3 Experiences with the Proof-of-concept ApplicationThis section describes our experiences with the proof-of-concept application. It describes howthe MAC supports the definition of data consistency conditions for a realistic application,automatically generates consistency enforcement objects for the defined consistency conditions,and reduces the number of refresh messages from a server to a client application.In an effort to assess the utility of the MAC, we asked two individuals with considerableexpertise in the domain of tactical military mission planning to devise a set of classes that could beused to support a planner and some potentially useful consistency conditions for those classes of

8Low bandwidth networks are typical of military environments, but will also becomeincreasingly important in civilian applications with the growth of wireless networks supportingnomadic computing. This sentiment is echoed in a recent paper on nomadic computing whichstates that �...network bandwidth will remain a major performance bottleneck for system design inthe near future� (Alonso and Korth, 1993).

20data.9 The domain experts came up with a set of 11 quasi-view classes, each with an associatedselection condition, and with a total of 17 staleness conditions among them.Using our initial version of the MAC, we were only able to support 7 out of the 17 stalenessconditions described by the domain experts. This was because the implementation was limited tosupporting the cache coherency conditions described in (Alonso, et al., 1990). However, afterexpanding the MAC to support arbitrary predicates and user-defined delta conditions, we were ableto support all of the specified selection and staleness conditions.An interesting finding was how useful the user-defined-delta conditions turned out to be indeveloping the mission planning application. For example, they were essential for tracking themagnitude of changes in the location of objects, as shown in the quasi-view specification in Figure2.In addition, user-defined-delta conditions proved to be important even for tracking changes tosome atomic attributes, as in the following example:user-defined-delta>(delta(wind-direction), 90)with delta-function Direction-change-in-degreesIn this example, wind-direction is represented in degrees as an integer from 0 to 359, where 0 isNorth and 180 is South. The reason a simple value staleness condition (e.g.,˚whenever the valueof wind-direction changes by more than 90) cannot be used is because the change cannot bemeasured by simple subtraction. For example, a change in wind-direction from 2 to 358 shouldfail this staleness condition, because it is only a change of 4 degrees, far less than the specifiedthreshold of 90. For this reason, a user-defined delta function, Direction-change-in-degrees, mustbe used.Once quasi-views were defined for our application, we next ran the Translator to generateARROW rules and other objects that enforce the specified consistency conditions. We then sent astream of updates to the database in order to see that only updates that cause objects to meet thestaleness conditions actually result in refreshing a quasi-view. To highlight this, we created aninterface with two scrolling windows, shown in Figure 9. The window on the left shows activityagainst the server database, which in this application is known as the Force Over-the-horizon TrackCoordinator (FOTC). The window on the right shows insert, update, and delete messages sent tothe Message Handler, in response to selection and staleness conditions being satisfied. Appearingbelow the message windows are two counters, one showing the number of updates to the serverdatabase, while the other one shows the number of updates to quasi-copies caused by stalenessconditions being satisfied.As expected, use of the MAC has resulted in a reduction in the number of refresh messages,compared to approaches that enforce complete consistency. As described above, this is critical to

9These classes and consistency conditions are not intended to resemble those of any realoperational system, however, they do capture the spirit of those systems in terms of the kinds ofconsistency constraints that seem useful.

21the mission planning application because of the low bandwidth networks being employed. In a testrun constructed by a domain expert, use of the MAC resulted in 8 updates being propagated to theclient out of a total of 138 updates to the database. In other words, 94% of the updates to thedatabase were not considered significant to the application, based on the defined quasi-viewspecifications. As a result, the updates were not propagated to the application, sparing the usersthe burden of reviewing data not relevant to their current tasks. Of course, one cannot makegeneralizations about the magnitude of the reduction in message traffic, because it is entirelydependent upon the staleness conditions that are specified and the nature of updates to theunderlying database. Nevertheless, it is encouraging to have obtained this amount of filtering fromquasi-view definitions and an update stream that was considered plausible by a domain expert.

22views specified and the characteristics of the update stream to server databases. However, thesavings are at the expense of increased load on each quasi-view server.In (Seligman, 1994), we present a detailed analysis of the overhead caused by the MAC. Theincreased load on each server is caused by the need to check selection, retraction, and stalenessconditions. The analysis considers the overhead of checking these conditions when creating,deleting, and updating instances in a quasi-view server.Our conclusion is that the overhead is primarily a function of Q, the number of quasi-viewsdefined on the class on which updates are being performed. The value of Tq, the total number ofquasi-copies on any instance of any class in a given server, has only a small effect on the overheadfor updates. The assumptions behind the analysis are described in detail in (Seligman, 1994).Importantly, all of the cost functions are linear, so even if some of our assumptions prove to beunrealistic, only the constants need to be refigured. Also, the overhead per update operation is notaffected by the size of the database (e.g., the numbers of tuples). Given the linearity of the costfunctions and the irrelevance of database size, the MAC has the potential to scale up to largedatabases that support multiple client applications.5 . Related WorkQuasi-view classes are related to the view-objects of Barsalou, et al. (1991), which are object-based views of relational databases. However, because view-objects are not materialized, they donot support effectively the needs of applications which must cache data, perform long-runninganalyses of those data, and which need to be informed of changes which the application defines asbeing �significant.� Quasi-view classes support these applications by materializing a view andproviding �good enough� (i.e., approximate) consistency between the quasi-copies and the baseobjects from they are derived.This work builds upon quasi-caching (Alonso, et al., 1990). Quasi-caches contain quasi-copies, which are client-cached copies of database objects which are allowed to deviate incontrolled ways from the primary copies. Their work, like ours, can be said to supportapproximate consistency of a client cache. Our work extends that work in the following ways.First, we automatically generate rules and other consistency enforcement objects from a declarativespecification of consistency requirements. In addition, we have defined an architecture thatsupports this in heterogeneous environments that include both active and passive sources. Second,we make no special assumptions about the capabilities of our data sources. By contrast, Alsono�swork is presented in the context of information retrieval systems with built-in support for quasi-caching. Third, in their approach, for every object o¢ in the quasi-cache there is exactly onecorresponding object o in the central database, and the representations of o and o¢ are identical.Quasi-views generalize quasi-caches to support transformation of the data to be cached (e.g., tosupport user views or bridge source/receiver heterogeneity). Finally, we have extended deltaconditions to support monitoring changes to complex attributes and groups of attributes (e.g.,changes to location).

23A number of papers address the issue of efficient support for updating materialized views(e.g., Blakeley, et al., 1986; Ceri and Widom, 1991; Hanson, 1987), but these papers do notaddress techniques for enforcing approximate client cache consistency. The main exceptions tothis are Lindsay et al. (1986) and Segev and Park (1989), which describe efficient algorithms forincrementally maintaining database snapshots. These techniques could be used to enforceapproximate cache consistency along the temporal dimension, but offer no support for enforcingother kinds of consistency conditions (e.g., delta, version, or user-defined-delta).A few papers address the issue of interdatabase consistency. Rusinkiewicz et al (1991) have aricher specification language for consistency constraints than we do, but provide no mechanism forenforcing those constraints other than user-defined procedures. Our approach is to automaticallygenerate the required database rules and constraint objects from a declarative specification. Ceriand Widom (1992) provide a declarative specification language for existence and value constraintsacross components of a multidatabase system and automatically generate active database ruleswhich enforce those constraints. However, they do not provide any mechanism for specifying ormaintaining approximate consistency constraints.6 . ConclusionsAs described in (Seligman and Kerschberg, 1995), many applications need to reason aboutdata which are consistent with the states of dynamic, shared data sources, at least within specifiedtolerances. These applications require mechanisms for: (1) describing declaratively howconsistent their data must be, and (2) for generating consistency enforcement objects from thedeclarative description of requirements. No previous approach supports this.This paper has presented an approach to approximate consistency management acrossdistributed, heterogeneous systems. It is the first approach that automatically generatesconsistency enforcement objects from a declarative specification of application data consistencyrequirements, where those requirements can include different kinds of approximate consistency. Itis also the first proposed approach to do this in heterogeneous environments that include bothactive and passive data sources. We have demonstrated these capabilities in a software prototypeand have shown that, given the linearity of the cost functions, the MAC has the potential to scaleup to servers with large instance populations supporting many quasi-views.Another contribution of this work is the introduction and formalization of quasi-views. Quasi-views provide a declarative mechanism for specifying application data consistency requirements.Quasi-views extend quasi-caches by providing: mechanisms to resolve data heterogeneity issuesbetween servers and clients, and a new type of staleness condition, user-defined-deltas, which wasessential for our proof-of-concept application. In addition, we have defined a declarative quasi-view specification language, based on a modest extension to SQL. To our knowledge, this is thefirst formal language defined for specifying approximate consistency requirements.There are a number of promising areas for future research. First, there is a need to apply thesetechniques to realistic applications having diverse consistency requirements. Such experimentation

24could point to a need to support new kinds of approximate consistency predicates. Second,empirical work is needed to replace some of the default parameter values used in our performanceanalysis with real world numbers. Third, this work could be extended to support a richer set ofconditions (e.g., �refresh my cache when the price of some stock goes up by 3% within onehour�). Sistla and Wolfson (1995) have developed a rich language for describing temporaltriggers. Incorporating such predicates into our mediation architecture would be both useful andchallenging.A final area of research would be to explore the applicability of our approach to datawarehousing applications. Typically, warehouses contain static collections of materialized viewsof multiple heterogeneous data sources (Poe, 1995). The views are static, because there is arequirement that decision support applications not interfere with the performance of databases thatsupport on-line transaction processing (OLTP). However, our techniques have the potential togive warehouse designers a new capability: to specify declaratively changes which are sosignificant that they should cause an update to the contents of the warehouse. Empiricalinvestigation is required to find out if these techniques are indeed useful for data warehouses and,if so, what changes in our architecture are required to make them so.AcknowledgmentsThis research was partially supported by MITRE Sponsored Research and an ARPA grant,administered by the Office of Naval Research under grant number N0014-92-J-4038. The authorswould like to thank Arnie Rosenthal, who provided insightful feedback, especially regarding eagervs. lazy refresh strategies. In addition, we would like to thank Trish Carbone for her creativity infinding applications for this and related research, Eric Peterson for his help with implementation,and Ernie Carbone for his assistance with developing the proof-of-concept application. Finally,the first author would like to thank his management at MITRE for their support, especially BarbaraToohill and Andrea Weiss.BibliographyAhmed, R., et al. (1991). The Pegasus Heterogeneous Multidatabase System. Computer, 24(12).Alonso, R., Barbara, D., and Garcia-Molina, H. (1990). Data Caching Issues in an InformationRetrieval System. ACM Trans. on Database Systems, 15(3).Alonso, R. and Korth, H. (1993). Database Issues in Nomadic Computing. Proc. ofACM-SIGMOD Int. Conf. on Management of Data. Washington, DC.Barsalou, T, Keller, A., Siambela, N., and Wiederhold, G. (1991). Updating RelationalDatabases through Object-Based Views. Proc. of ACM-SIGMOD Int. Conf. on Managementof Data. Denver, CO.

25Blakeley, J., Larson, P., and Tompa, F. (1986). Efficiently Updating Materialized Views. Proc.of ACM-SIGMOD Int. Conf. on Management of Data, Washington, DC.Ceri, S., and Widom, J. (1991). Deriving Production Rules for Incremental View Maintenance.Proc. of 17th Int. Conf. on Very Large Data Bases, Barcelona, Spain.Ceri, S., and Widom, J. (1992). Managing Semantic Heterogeneity with Production Rules andPersistent Queues. IBM Technical Report RJ9064 (80754).Hanson, E. (1987). A Performance Analysis of View Materializaion Strategies. Proc. ofACM-SIGMOD Int. Conf. on Management of Data.Hanson, E. and Widom, J. (1995). Rule Processing in Active Database Systems. InL.˚Delcambre (Ed.), Advances in Databases and Artificial Intelligence, Vol. 1. Greenwich,CT: JAI Press.Kim, W., et al. (1990). Architecture of the ORION Next-Generation Database System. IEEETransactions on Knowledge and Data Engineering, 2(1).Lindsay, B., Haas, L., Mohan, C., Pirahesh, H., and Wilms, P. (1986). A Snapshot DifferentialRefresh Algorithm. Proc. of ACM-SIGMOD Int. Conf. on Management of Data, Washington,DC.Poe, V. (1995). Data Warehouse: Architecture is not Infrastructure. Database Programming andDesign, 8(7).Rosenthal, A. and Seligman, L (1994). Data Integration in the Large: The Challenge of Reuse.Proceedings of 20th International Conference on Very Large Data Bases, industrial track.Santiago, Chile.Rusinkiewicz, M., Sheth, A., and Karabatis, G. (1991). Specifying Interdatabase Dependenciesin a Multidatabase Environment. Computer, 24(12).Sciore, E., Siegel, M., and Rosenthal, A. (1994). Using Semantic Values to FacilitateInteroperability Among Heterogeneous Information Systems. ACM Transactions on DatabaseSystems. 19(2).Segev, A. and Park, J. (1989). Updating Distributed Materialized Views. IEEE Trans. onKnowledge and Data Engineering. 1(2).Seligman, L. (1995). Quasi-view Specification Using an Extension of SQL. Working note,available from the author.Seligman, L. (1994). A Mediated Approach to Consistency Management Among Distributed,Heterogeneous Information Systems. Ph.D. thesis, Department of Information Systems andSystems Engineering, George Mason University, Fairfax, VA.Seligman, L., and Kerschberg, L. (1993a). Knowledge-base/Database Consistency in a FederatedMultidatabase Environment. Proceedings of International Workshop on Research Issues inDatabase Systems: Interoperability in Multidatabase Systems. IEEE Computer Society Press.Seligman, L., and Kerschberg, L. (1993b). An Active Database Approach to ConsistencyManagement in Data- and Knowledge-based Systems. International Journal of Intelligent andCooperative Information Systems, 2(2).

26Seligman, L., and Kerschberg, L. (1995). Active Federation: A New Architecture for IntegratingAI and Database Systems. In L.˚Delcambre (Ed.), Advances in Databases and ArtificialIntelligence, Vol. 1. Greenwich, CT: JAI Press.Sistla, A.P., and O. Wolfson (1995). Temporal Conditions and Integrity Constraints in ActiveDatabase Systems. Proc. of ACM-SIGMOD Int. Conf. on Management of Data. San Jose,CA.Stacey, D. (1994). Replication: DB2, Oracle, or Sybase? Database Programming and Design,7(12).Wiederhold, G. (1992a). Mediators in the Architecture of Future Information Systems. IEEEComputer, 25(3).Wiederhold, G. (1992b). The Roles of Artificial Intelligence in Information Systems. Journal ofIntelligent Information Systems, 1(1), Kluwer Academic Publishers.