
Supporting Reactive Planning Tasks On AnEvolving MultidatabaseMarian H. Nodine and Stanley B. ZdonikDepartment of Computer ScienceBrown UniversityProvidence, Rhode Island 02912CS-92-59December 1992





Supporting Reactive Planning Tasks on an EvolvingMultidatabase�Marian H. Nodine and Stanley B. ZdonikBrown UniversityProvidence, RI 02912Department of Computer ScienceTechnical Report CS-92-59December, 1992AbstractIn this paper we discuss our open nested multidatabase transaction model for multidatabases calledInteractions. Interactions sit above a layer that provides atomic, serializable global multidatabase trans-actions. This model provides additional support for planning applications, which are long-running appli-cations that may need to respond to changes in the underlying evolving multidatabase.We begin by describing Interactions and the multidatabase architecture that they run on. We thendiscuss synchronization of Interactions. We describe the nature of events, which the applications can useto monitor changes in the information in the multidatabase.When relevant events occur, we de�ne how they are detected and how to respond to them. Thisresponse usually involves semantically undoing part of at least one Interaction, and then potentiallyre-executing the Interaction from that invalid point. We point out some problems with using standardcompensation order (as de�ned in the Sagas paper [11]) when doing this type of recovery response. Wethen de�ne a new type of recovery, called replacement recovery, that attempts to avoid these problems.1 IntroductionA multidatabase is a collection of separate, autonomous local databases. A user of a multidatabase needsto access and/or update the information in these local databases in a consistent way to accomplish somecommon purpose, or task.In this paper, we study how to support multidatabase applications that generate long-running tasks thatneed to react to relevant changes to the information that occur during their lifetime. These applicationsabound in the real world, including the widely-discussed travel agent applications as well as Arti�cial Intel-ligence applications for military and other operations. Because these applications are frequently associatedwith planning, we call them planning applications.We de�ne a planning application is one in which one or more users are concerned with accomplishingsome well-de�ned goal. It is likely that the exact plan for how to accomplish this goal is not determined atthe outset. Nevertheless, the goal can be stated clearly so that we know what needs to be done before wecan successfully complete our task. For example, making travel plans for a business trip would be a planning�This work was supported in part by ARPA order 8225, ONR grant N00014-91-J-4052, and in part by an IBM GraduateFellowship. 1



task. At the outset, we know that we must be in a particular city for some number of days. We know thatwe need a hotel and some way to get around to the various meetings during our stay. We have no idea whatthe best and possibly the cheapest way to do all this is. In some sense, that is the point of the planning task.Planning tasks tend to be long duration activities. Furthermore, if we look at the structure of one ofthese activities, we will �nd that it typically consists of short activities separated by long periods of idletime. Because of their characteristics of longevity and burstiness, it is unreasonable to represent a planningtask to the database as a serializable global transaction.If a failure occurs, it is not always possible to roll back the result of an earlier activity. Consider thepurchase of a non-refundable airline ticket. If the trip is canceled, we must either su�er the �nancial penaltyassociated with the ticket, or we could sell it ourselves. Either solution attempts to compensate for theearlier action.When changes happen in the outside world that a�ect a planning task, the plan needs to be updated totake those changes into account. Thus, planning tasks must be written to be reactive to external changes. Asthey proceed, planning tasks accomplish subgoals. There are things about those subgoals that the planningtask relies on as it proceeds. A planning task can explicitly specify these conditions along with steps to reactto their retraction. This policy explicitly violates the classic transaction criterion of isolation.In a reactive task, when some condition associated with some subgoal of a planning task is violated, thesteps associated with that event are executed so the task can regain a consistent state. Our approach toregaining consistency is primarily through semantic undoing and working forward. By semantic undoingwe roughly mean compensation, and by working forward we mean continuing the planning task from someconsistent internal state.Suppose that we achieve the subgoal of making an airline reservation as a part of our trip to San Francisco.We proceed with this assumption as we try to make a car reservation. If the 
ight is canceled, we mustreconsider the car reservation. Our assumption is that a reactive task must protect itself from changes inits environment, but without explicitly preventing these changes from occurring by maintaining control overthe data.1.1 Travel Agent Example (With a Twist)An example of a planning application is a travel agent application. The travel agent has his own privatedatabase that stores information about his speci�c customers and the trips he is currently working on. Inaddition to accessing the information in his own database, the travel agent also has access to airline databasessuch as United, TWA, and PanAm for making plane reservations. Similarly, he has access to hotel reservationdatabases, rental car databases, cruise databases, and many other repositories of information relating to thetravel industry. These di�erent databases are accessed as a single data repository, called the multidatabase.The multidatabase provides the travel agent with a global interface to this set of databases to use in bookingtrips for his customers.In this example, let us examine one speci�c task that the travel agent needs to do. In this task, a travelagent is booking a single-day business trip for a customer, which requires booking a round-trip plane 
ightand a rental car. When �rst planning the trip, the travel agent does the following:1. Gets the constraints on the times of the 
ight and the return 
ight from the customer, and places themin the travel agent database.2. Using these constraints, books the 
ights. If several 
ights are available, the customer's preferencesdetermine which airlines to try �rst.3. Notes the 
ight information in the travel agent database.4. Books the rental car once the arrival time is known. This also noti�es the car rental agency when thecar should be available. If no car is available, this step is optional.5. Notes the car rental information in the travel agent database.6. Sends the itinerary to the customer. 2
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MultidatabaseFigure 1: Multidatabase EnvironmentLater, the customer pays for the tickets and the travel agent issues them to the customer.Now, provided nothing interferes, the trip should go smoothly. Everything is all set up for the customer.However, in this example, consider what happens if the airline cancels the 
ight before the day of the trip.The plans for the trip are now invalid because some external condition that the plans depended on (theexistence of the 
ight) has changed. Since these changes occur outside the scope of the trip plan, andpossibly are done by some transaction running independently of the multidatabase, it is the multidatabaseitself rather than the planning task that is in the best position to notice the change. The multidatabasemust then prod the traveler so that he can react by replanning the invalid part of the task and making theplan consistent again. In this case, the traveler can try to modify the existing trip plan to work around the
ight cancellation rather than aborting the trip plan and starting over. This means doing the following:1. Making new, less desirable 
ight reservations.2. Noting the 
ight reservation changes in the travel agent database.3. Checking to ensure that the booking for the rental car is still OK. If not, adjusting the booking.4. Noting any changes to the car rental arrangements in the travel agent database.5. Notifying the customer of the changes.6. Getting a refund for the canceled 
ight.7. Paying for the new 
ight.If all of this is possible, then the trip can continue as planned. However, di�erent things may go wrong;for instance, no alternative 
ight may be available.1.2 A Working EnvironmentThe basic multidatabase environment in which the planning application executes is shown in Figure 1. Inthis �gure, the applications are responsible for accomplishing di�erent tasks in the multidatabase. Just asa normal database executes some set of transactions, the multidatabase executes some set of tasks. Themultidatabase is responsible for ensuring that the set of tasks it executes maintains data consistency.This work makes certain assumptions concerning the multidatabase environment and the relationshipbetween the local databases and the multidatabase. These assumptions include the following:3
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In this Interaction, if GTm writes some information read later by GTn, then GTm would have to precedeGTn in the partial order.While we do not study in detail how to enforce the atomicity of the global transactions in this work, we domake some assumptions about them. Each global transaction consists of a set of global subtransactions, eachof which executes on a single local database. No two global subtransactions of the same global transactionexecute on the same local database.Each global subtransaction is a sequence of steps. The Interaction programmer de�nes the Interactionsin terms of these steps, and indicates how the steps are grouped into global transactions. The globalsubtransactions commit atomically with the global transaction commit.2.2 Atomicity, Visibility and Con
ictThe global transactions in an Interaction commit atomically once all of their steps have executed. In thissense, Interactions are like Sagas [11], in that this global transaction commitmentmakes its e�ects on the localdatabases visible both to other global transactions and Interactions as well as to independent transactions.As with Sagas, this means that if the Interaction fully or partially aborts, the committed global transactionsmust be semantically undone using compensating transactions.Clearly, once a global transaction of some Interaction commits, any e�ects it has on the multidatabasenot only become visible to other Interactions and independent transactions, but also can be overwritten.This overwriting may violate the (still running) Interaction's notion of internal consistency. For instance, inthe travel agent example one global transaction may do the work involved in setting up a plane trip. Thewhole Interaction assumes that the plane reservations persist in the database, at least until the plane 
ightsare over. Thus, a second global transaction of the same Interaction may later make hotel reservations basedon the times and dates of the airplane 
ights, even though the reservation may now be canceled by someother transaction.In order to deal with these issues, we introduce a notion of weak con
icts associated with an Interaction.In our terminology, strong con
ict denotes the con
ict between global transactions that is necessary topreserve their isolation. Weak con
icts are stability conditions on the values of individual data items thatshould hold for some portion of the Interaction execution. When a weak con
ict is violated an event isgenerated (this is similar to raising a signal in an operating system and having it caught). This causes theInteraction to semantically undo relevant parts of its work, and then try to re-execute the Interaction fromthe resulting state.Weak con
icts are used by a planning application to specify when a database should notify it so thatit can react to a speci�c change in the underlying data. This is particularly necessary in a planning taskbecause of its inherent structure. Typically a planning task generates one or more bursts of activity onthe multidatabase as the plans are made and their e�ects re
ected in the data itself. Once the plans arecomplete, the multidatabase has e�ectively promised that certain conditions will hold. If later some changein the data disturbs these plans (such as the airline canceling the 
ight), the planning task needs to respondto the weak con
ict violation and replan around the problem. Thus, even though the plans are complete,the planning task hangs around \just in case something happens". Once the planned activities are complete,the planning task itself can go away.2.3 Interaction Speci�cationIn this section, we give a brief description of how Interactions are speci�ed. An Interaction is programmedin terms of actions, that dictate what needs to be done to accomplish its task. These actions are groupedtogether into blocks that are executed together as atomic global transactions. As with Flex Transactions [8],the Interaction can specify di�erent ways to accomplish the task, depending on the multidatabase state.2.3.1 Actions, Global Transactions and StepsAn action is a partially ordered set of steps each of which accomplishes the same objective. Exactly one stepmust succeed for the action to succeed. The steps de�ned in the partial order are functionally equivalent,but may execute on di�erent databases. The partial ordering of the steps indicates the preferences of the5



task de�ner. The steps are attempted in some order consistent with the partial order de�ned by the action.If an action may be optional, the task de�ner can express NULL as the last alternative action.A global transaction is a set of actions that must be executed as a single atomic unit in the multidatabase.A step de�nes a cohesive unit of operations on a single local database. Each step is implemented as aprocedure call on the Agent's Step Library.2.3.2 EventsAn event is something that happens in the multidatabase that in
uences the past execution of the Interaction.We de�ne an event as an update operation on a speci�c data item that causes some condition in the databaseto be violated. The event is usually provoked by some other transaction or Interaction on the local database.Events can be used in two ways in an Interaction de�nition. The �rst way is to delay the Interaction untilthe event has occurred. For example, the travel agent may wish to delay the termination of an Interactionuntil the traveler has completed his trip, or delay payment for a 
ight until a certain date. The second wayevents are useful is in noting when weak con
icts are violated.2.3.3 Weak Con
ictsWeak con
icts indicate the conditions that should be preserved in the database during a speci�c executionspan of an Interaction for its overall e�ects in the multidatabase to remain consistent (with respect tocompleting its own task). In addition, a weak con
ict de�nes the steps needed to recover when its conditionsare violated. In other words, weak con
icts do not indicate something to prevent, but rather when de�nedrecovery measures must be taken.Weak con
icts are expressed as an execution span over which an ECA-type rule is enforced. ECA rules [6]specify an event to monitor for, conditions that must be checked if the event occurs, and actions to take ifthe condition is violated. With Interactions, we de�ne the event as an update operation on a speci�c dataitem in some local database. The condition in the rule is a condition that must hold on the value or existenceof that data item after the update has been executed. The only variable allowed in the condition is the dataitem speci�ed in the event.Usually a weak con
ict violation indicates the full or partial invalidation of some step that has alreadybeen executed. Thus, the violation of a weak con
ict could be treated analogously to the explicit invalidationof some committed action in the Interaction. Therefore, the action (event handler) de�nes at a minimumwhat part of the Interaction must be semantically undone.2.4 ExampleFigure 3 shows the process 
ow for the example task from Section 1.1, with the added caveat that the travelermay wish to rent a car and drive if he cannot get 
ights at the appropriate times. This 
ow diagram isrepresented as a modi�ed �nite state automaton (FSA). The transitions represent atomic global transactions.Figure 3 also shows an example of a weak con
ict for the de�ned Interaction. The span during which thecon
ict holds is indicated by a dashed box. The label associated with the box speci�es the con
ict's ECArule. In the �gure, the weak con
ict on the outgoing 
ight ensures that the reservation stays around untilthe traveler actually takes the 
ight.3 Multidatabase ArchitectureFigure 4 shows the architecture that we use to support planning tasks on a MultidatabaseInteractions are speci�ed by the di�erent multidatabase applications. The work done by an Interactionis accomplished by running atomic database transactions (global subtransactions) on the local databasesthat make up the multidatabase. Other applications may also submit independent transactions to themultidatabase. It is the job of the Interaction Manager to ensure that these global subtransactions worktogether to do the work de�ned by the Interaction and to preserve each Interaction's isolation requirements,despite any activity by the independent transactions.6
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An Interaction is broken up into atomic global transactions, each of which encompasses several of theglobal subtransactions. Ensuring that the global transactions are executed atomically requires the coordi-nation of these subtransactions at the global level. This work is done by the Global Transaction Managerat the request of the Interaction Manager.One Agent is associated with each local database. Its primary job is to help the Global TransactionManager ensure that the resulting history containing all global subtransactions and independent transactionsis serializable. There are several known algorithms for this [23, 12, 17]. The Agent also maintains aStep Library that contains code to translate the steps of the di�erent global subtransactions from themultidatabase's DML to the local database's DML. It then issues the translated subtransactions to theLocal Database Interface, where they look just like the independent transactions issued by applicationsoutside of the multidatabase.The Agent's Local Database Interface co-opts the actual interface to the local database. It receivestransactions in the local database's DML from both the Agent and from the independent transactions. Itssole purpose is to make a copy of those transaction command streams and pass them to the Activator.The job of the Activator is to detect weak con
ict violations. This involves detecting events (updateoperations) in the local database that are of interest to the active Interactions in the multidatabase, checkingwhether the associated conditions still hold, and informing the relevant Interactions when a condition isviolated.The Activator receives a speci�cation of events and conditions to monitor for from the multidatabaseapplication (via the Interaction Manager and the Agent). It also receives from the Local Database Interfacea copy of the input stream to the local database that it partially parses to determine if some undesirableupdate event (i.e., weak con
ict) may have occurred. If so, it generates a query to check the conditionassociated with the weak con
ict. If the condition no longer holds, it passes back a noti�cation event to themultidatabase application specifying the weak con
ict that was violated. The multidatabase application canthen tell the Recovery Manger what steps to take to recover.The Recovery Manager maintains a log of information needed when an event causes some part of anInteraction to become invalid. The Recovery Manager also controls the recovery process when a semanticundo and re-execute are actually invoked.Because we enforce isolation in the local databases using global subtransactions to hold resources, werequire that the local database transactions preserve the ACID properties (atomicity, consistency, isolation,durability), and that they are executed serializably.4 Interaction SynchronizationThe Interaction Manager is responsible for ensuring that the execution of the Interactions in the multi-database is correct. This section discusses how the Interaction Manager schedules the steps of the activeInteractions, how it begins and ends the local transactions and sets up the Agent processes to ensure cor-rectness, and how it deals with events in the database and their control over the timing of the execution ofspeci�c Interactions.4.1 Ensuring Atomic Global TransactionsThere have been many ideas proposed in the literature for enforcing atomicity (or at least, semantic atomicity)of global transactions in a multidatabase. For the purposes of this paper, we assume that the GlobalTransaction Manager dictates some serialization order for the global subtransactions, and this order isenforced using the forced local con
ict scheme [12]. That is, a \ticket" is kept in each local database foruse by the multidatabase. The ticket is successively incremented by each global subtransaction, with theincrement order following the dictated serialization order. Other possible schemes include [24, 23, 17]. Foratomic commitment, we follow the \local commitment before global decision" algorithm de�ned in [20].Another commit scheme is de�ned in [16]. 9



4.2 Scheduling Actions and StepsAt any speci�c time, the di�erent in-process Interactions in the database have one or more concurrent threadsexecuting the di�erent tasks and subtasks. For scheduling purposes, the Interaction Manager maintains theseas a set of active Interaction threads and a set of waiting Interaction threads. An Interaction thread is inthe active set if its next action can be scheduled for execution immediately. An Interaction thread is in thewaiting set if it has no current action to execute.When executing an Interaction, the Interaction Manager basically executes a depth-�rst search to �ndthe most desirable alternative set of steps that succeeds in accomplishing the task. Since con
ict is enforcedat the local level by the proper use and ordering of the global subtransactions, we can view each Interactionas an independently-schedulable execution thread.The following is the algorithm for what an Interaction thread should do when it is at a speci�c point inits task where it needs to execute the next action of some Interaction:1. Choose the highest-priority step in the Interaction that has not yet failed. If none exists, place theInteraction in the waiting set, and allow the user to choose among the following:(a) Semantically undo the entire Interaction if all alternatives have been explored, and indicate tothe user that it failed.(b) Semantically undo only the step that accomplished the \parent" action, and indicate that thatfailed. This causes alternative actions to those attempted at an earlier point to be explored.(c) Attempt a newly-speci�ed alternative step.2. If no global transaction is currently running, begin one.3. Try the chosen step. This involves possibly beginning a global subtransaction on the local database,then making a call to some procedure. The arguments for the procedure call are taken from thearguments to the action and the information speci�ed by the user. There are three possible outcomes:(a) The step is aborted. This is not necessarily a failure; for instance it could have been involved ina deadlock. In this case, the step may be allowed to fail, or it may be retried. Go to step 1.(b) The step is not aborted, but the results are that the step failed to accomplish its subtask. Go tostep 1.(c) The step is not aborted, and it accomplishes its subtask. In this case, the step succeeds and theaction succeeds.4. If the step/action succeeds, then the results are returned and also logged in some stable location. Ifthis is the last action de�ned for the current global transaction, commit it.4.3 Forking and Joining Execution ThreadsNew execution threads can be forked from an existing Interaction thread at any time. If the forking threadis not currently executing a global transaction, and if Ta was the last global transaction that ran on theforking thread, when the new thread begins a global transaction Tb the two transactions will be orderedwith Ta <TI Tb. If the forking thread is in the middle of a global transaction Tc when the fork statement isexecuted, then the new thread must begin its own global transaction Td outside of the sphere of control ofthe global transaction in the forking thread. In this case, the two global transactions will be ordered in theInteraction with Tc <TI Td.When the new thread executes a new global transaction, care must be taken to ensure that that globaltransaction does not commit before the global transaction in the forking thread that precedes it. This couldhappen if the forking thread is in the middle of executing a global transaction when the fork statement isexecuted. If the global transaction in the forked thread were to commit �rst, we would have the situationsuch as the one shown in Figure 5(a). In this situation, if the forking global transaction were to abort, thenglobal transaction C would have to be semantically undone.To avoid this undesirable situation, we control not only the serialization order but also the commitorder of the global transactions. Speci�cally, we delay executing commit instructions as needed so that thefollowing property holds for the Interaction: 10
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ight being canceled). It is the job of the Activatorto detect when an event occurs, and to notify the Interaction Manager.As an Interaction is executed, speci�cations of events of interest are sent to and deleted from the Activator.There are typically di�erent purposes for these events, including:1. Wait events. These are events on the local database that are explicitly being waited for (i.e., thosespeci�ed in a wait command). Wait events are removed from the Activator's list of \interesting events"as soon as they occur.2. Con
ict events. These are events on the local database that indicate that a weak con
ict has beenviolated (i.e., those speci�ed in a current on statement). Con
ict events are associated with eventhandlers (the action in the ECA rule), and these handlers are run by the Interaction Manager oncethe event is detected by the Activator. These events are removed explicitly from the Activator's listof \interesting events" once they are no longer relevant to the Interaction or when the Interactionterminates.The Activator is responsible for noting when events on data items in its local database occur. It receivesmessages from the Interaction Manager via its Agent. This includes messages indicating events, and thetimes when these events are interesting to some Interaction. The conditions are optional. Each event istagged as either a wait event or a con
ict event. 11



The Activator maintains its own event table, whose entries specify the name of a relation or set in the localdatabase and the set of events concerning that relation that the Interaction Manager is currently interestedin. When an Activator receives a message to begin monitoring the database for a particular event, it �rstdetermines what relation or set the event is associated with. For that relation, it then inserts informationin the event table concerning the object and/or the condition that must be maintained on the object. TheActivator also polls the database to ensure the condition is initially satis�ed. If it is, then it returns anacknowledgment to the Agent.When the Activator receives a message to stop monitoring the local database for some event, it removesthat event's entry from its event table. All of an Interaction's events are removed when it terminates.The Activator also receives an asynchronous copy of the actual input message stream to the local database.The messages in this stream are in the local database's DML. The Activator knows how to parse thesemessages to determine �rst, which ones update the local database, and second, what relations or sets in thedatabase they update.The Activator determines whether or not an update operation may have caused an event by checking ifthe operation changed some object in a set of relation that has associated events in the Activator's eventtable. If so, it checks the local database to see whether or not constraints were violated by the update event.This is necessary because the update may not have violated the condition; also because the update operationmay have been done by a transaction that later aborted.Say the Activator parsed some update associated with some local database transaction T , and decidedthat the update may have triggered one or more of its events. The Activator then generates a read-onlytransaction R to read the information from the database that it needs to check whether the conditions stillhold. If some condition does not hold, then the Activator noti�es the Interaction Manager of the weakcon
icts associated with the failed conditions. In order for the check to be correct, R has to serialize after Tin the local database's serialization order if R and T con
ict. This can be done by the Agent as it processesthe Activator's query.This scheme has one disadvantage that it is impossible in the general case to determine for certain whichtransaction on the local database actually did the update that caused the condition to be violated. As thisinformation would only be needed if we wanted to abort or semantically undo the transaction that did theupdate, and we disallow this as a tactic to use during recovery, this should not be a problem.6 Recovery ProblemsThere are several problems with applying the compensation-based recovery methods as they have evolvedover the years to the Interaction model (or any other 
exible, open nested transaction model). First is thatthe constraint of \persistence of compensation" [16] cannot be guaranteed except in restricted environments.A second problem is that with the newer, 
exible transaction models, exact compensation is certainlypossible, but the re-execution may diverge radically and/or unacceptably from the original execution. Third,in open nested transaction models where each transaction maintains its own internal state, care must betaken to ensure that certain ordering constraints are maintained if concurrent compensating transactions areattempted. And last, from a semantic standpoint, compensation may cause work to be undone and redoneunnecessarily.In this section, we give examples of these problems and examine them in more detail. In the next sectionwe outline the replacement recovery scheme, which avoids some of these pitfalls.6.1 Non-Persistence of CompensationPersistence of compensation states that all (compensating) subtransactions in an open nested transactionmust succeed if retried enough times. This requirement was �rst identi�ed for Sagas [11]. While persistence ofcompensation may hold true in restricted situations, it does not hold true in a general open nested transactionenvironment. Open nested transactions periodically release the resources they hold, allowing other databasetransactions to interleave with their own operation. This release of control by the open nested transactionimplies that the other transactions may do things that prevent compensation from succeeding if the opennested transaction is fully or partially rolled back. 12
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Figure 6: (a) Distribution of functions in traditional transaction and recovery management. (b) Distributionof functions when managing the execution and recovery of 
exible transactions.Consider as an example, a travel agent making a reservation for a customer on a Pan Am 
ight. Thecustomer pays for the 
ight and gets his ticket. Then, before the customer actually takes the 
ight, Pan Amgoes bankrupt. The customer may no longer be able to go on the trip, but fully canceling the Pan Am 
ightand getting a refund is impossible. The customer has relinquished control over his money.In the early work on Sagas [11], a concept called recovery blocks was proposed. A recovery block providesan alternate way of compensating a particular action, under the assumption that the �rst method wasfaulty. Recovery blocks work if the compensation is possible, but do not apply in our Pan Am bankruptcyexample. Instead, we propose that compensating subtransactions be speci�ed as a prioritized set of guardedcode blocks. The top priority code block exactly semantically undoes the original transaction. Lower-priority code blocks could take alternative, automated steps if certain conditions hold true. For example,one compensating code block for buying the ticket could specify that if the airline was bankrupt, a lettershould be written to claim the ticket money. If no compensating code blocks succeed, the default could beto allow the user to �x the problem himself. This ability to do less-than-optimal compensation steps we call\sloppy compensation".6.2 Dealing with Flexible TransactionsFlexible transaction models such as [10, 8, 25, 22] allow the execution 
ow of an open nested transactionto depend in part on the information in the database. For example, a 
exible transaction may allow thesame goal to be accomplished in di�erent ways, such as getting a United 
ight or a TWA 
ight (with Unitedpreferred). The di�erences could be fairly signi�cant, such as allowing a person to rent a car and drivinginstead of 
ying and then renting a car at the destination for local transportation. Another way an executioncan be made 
exible is to allow non-vital steps, such as renting the car at the destination, to be optional. Ifthe car is not available, do not make a reservation.With 
exible transaction models, it is still possible to enable the database to determine compensatingsteps for the ones executed, and thus to automatically create compensating subtransactions as needed. Thereal problem occurs with the re-execution. If the original transaction failed due to some real problem, thenthe re-execution path will likely be di�erent from the original execution. For example, if a traveler's 
ightis canceled and no other 
ights are available, the logical re-execution would take the next priority step totry, which is renting a car and driving. Trying this alternative is a fundamentally di�erent process from justretrying a set of steps that have already been executed once.The solution to this problem is to give the speci�er of the code for the transaction the responsibility todecide what to re-execute if and when a 
exible transaction must be redone. In traditional compensation-based recovery, the re-execution of the transaction is assumed to be identical to the original execution.Therefore, the recovery manager can control the re-execution itself. This situation is shown in Figure 6(a).With a 
exible transaction model, the re-execution should choose among the di�erent alternatives spec-i�ed in the original transaction, using the same priorities. However, only the alternative that was actuallyexecuted originally is known to the recovery manager. The control of the re-execution must be turned over tothe speci�er of the original transaction, which must save all of the alternatives originally speci�ed, including13
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cost of the car rental.Figure 7: Does the traveler get a cheap hotel and an expensive car, or an expensive car and a cheap hotel?the ones that originally failed, the one that did succeed, and the ones that were speci�ed but not considered.During the re-execution, these possibilities are examined to determine what should be done this time, giventhat the underlying state of the database has changed since the original execution occurred.6.3 Managing Concurrency and State During RecoveryAllowing concurrent subtransactions to run within a single open nested transaction, and allowing open nestedtransactions to maintain internal state both create new problems in determining what to compensate at agiven time, and in what order. Concurrency within an open nested transaction is usually speci�ed explicitlyusing constructs equivalent to fork and join [11, 21]. Once a concurrent thread has forked, it can executeatomic subtransactions concurrently with the thread that forked it.One issue with concurrent threads is that it may be necessary to semantically undo one thread whileleaving the other concurrent threads intact. A second issue is that, when two concurrent threads both needto be semantically undone, it is usually possible to run the compensating subtransactions concurrently aswell. In fact, more concurrency is possible during the compensation process, because compensation steps areusually �xed code (no branches or loops) with predetermined inputs (based on the inputs and/or results fromthe original step) [25]. However, depending on how the state is managed, two concurrent subtransactionsthat con
ict on some state variable may not be able to be compensated for and re-executed concurrently.Consider the open nested transaction shown in Figure 7. In the initial execution, the traveler books roomsat the Sheraton, and gets a Chevette from Ugly Duckling. If the re-execution order is not consistent withthe order the two subtransactions were originally executed, the traveler's new plans could be to book roomsat the Motel 6, and to rent a Cadillac from Hertz.The recovery manager for the open nested transaction must maintain enough information about itsstructure to be able to determine exactly what compensating subtransactions to issue and in what orderduring a partial semantic undo of the open nested transaction. This information includes maintaining thepartial execution order of the initial execution of the subtransactions, as well as the partial order in whichcon
icting accesses to state variables were resolved.6.4 Eliminating Unnecessary WorkDuring compensation work may unnecessarily be undone and redone, causing various undesirable scenarios.Consider again the open nested transaction from Figure 7. If the plane reservations must be semanticallyundone, say, because a 
ight was canceled, it is likely that the traveler would want the new reservations14



made for the same travel days. If this can be done, then why should the hotel and car reservations need tobe compensated for and redone anyway, given that nothing about the plane 
ights that is relevant to themhas changed?Doing the unnecessary compensation and re-execution can also cause other annoying problems as well.Consider a simpler case where a traveler books a hotel reservation at the Sheraton based on the dates of hisplane reservation. If the plane reservation needs to be changed, say, to di�erent 
ights on the same day, thehotel reservation will be automatically compensated for as well. When the hotel reservation is remade, thepoor traveler may �nd that his Sheraton reservation was given to someone else in the interim, and he is nowstuck in the Motel 6.This problem can be solved using a combination of two basic strategies. The �rst is to attempt to replaceinvalid subtransactions within the original execution in the order that they were originally executed. Thus,if the plane 
ight is canceled, the �rst attempted step should be to try to (atomically) replace the old 
ightwith the new one using a replacement transaction. The replacement transaction �rst semantically undoeswhat the original transaction did, then tries to make a new reservation.The second strategy is to attempt to eliminate these replacement subtransactions when the resultingexecution would basically be a no-op. For example, if the replacement transaction would atomically removethe Sheraton reservation then get it again, those steps are eliminated during the recovery process.The next section de�nes in detail the replacement recovery algorithm for Interactions. We de�ne what itmeans for a history to be correct when replacement has occurred in some Interaction. We give algorithmsfor determining when replacement can occur, and when replacement subtransactions can be eliminated. Wealso discuss the advantages and disadvantages of using the replacement approach for recovery instead ofusing pure compensation.7 Replacement Recovery CorrectnessThe basic idea behind replacement recovery is to try to replace any work in an open nested transaction thathas become invalid without disturbing unrelated work. If we consider an open nested transaction to be apartial order of subtransactions, then we do not want to disturb una�ected work even if it follows someinvalid subtransaction in the partial order.If we examine the 
ow of compensation-based recovery in the partial order of subtransactions that de�nesan open nested transaction, we see that recovery has a compensation phase, where the subtransactions aresemantically undone in the inverse of the partial order. This is followed by a re-execution phase, which isdone in the original partial order. Replacement recovery is always done in the original partial order. Startingwith the invalid subtransaction, replacement recovery works forward in the order, replacing each function asneeded. In the plane and hotel example from section 6.4, compensation-based recovery would compensatefor the hotel, compensate for the plane, then re-execute some plane reservation subtransaction followed bysome car rental subtransaction. Replacement recovery would compensate for the old plane reservation andmake a new one, then if needed, it would compensate for the hotel reservation and make a new one, etc.We de�ne a replacement history as correct if, when done in total isolation, it leaves the database inexactly the same state when it completes as a compensation-based recovery would leave.7.1 View Commutation in a Projected Recovery HistoryIn order to determine if a replacement history is correct, we �rst need to de�ne some equivalence classon histories, and determine tests to �nd out if two histories belong to the same equivalence class. In thissection, we explore what we call view commutation, which is the process of rearranging a (projected) historyinto a history that is view equivalent to some other history. This rearrangement happens during recovery,and a�ects how the recovery operations are scheduled. It also helps us to determine when certain recoveryoperations need not be executed. We call the process de�ned here view commutation because we allow two(projected) transactions to commute if the commutation does not a�ect their projected view of the databaseor of their Interaction's internal state.We give the following de�nitions used in the rest of this section:De�nition 7.1 For a given subtransaction T , let 15



� TC be the sequence of steps that semantically compensates for the e�ects of T on the database and onthe internal variables of T 's containing Interaction.� TR be the sequence of steps that would re-execute the work done by T during compensation-basedrecovery.� T 0 be the sequence of steps in TC concatenated with the sequence of steps in TR, executed atomically(the replacement transaction).De�nition 7.2 For any sequence of steps S, let� RV (S) be the set of variables internal to the Interaction read by S.� RD(S) be the set of database objects read by S.� R(S) = RV (S) [RD(S) be the read-set of S.� WV (S) be the set of variables internal to the Interaction written by S.� WD(S) be the set of database objects written by S.� W (S) = WV (S) [WD(S) be the write-set of S.We base view commutativity on the following fact:Fact 7.1 Code is deterministic. If a piece of code is executed twice, and if it reads the same variables andvalues the second time that it read the �rst, it writes the same variables and values the second time that itdid the �rst time.The following theorem de�nes the conditions under which a projected subtransaction TB can commutebackwards1 over some projected subtransaction TA.Theorem 7.1 (View Commutation Theorem) Given subtransactions TA and TB , where TB directlyfollows TA in the projected history of the multidatabase, TB can commute backwards over TA if and only ifthe following conditions hold:1. W (TA) \R(TB) is empty.2. For each variable or database object in R(TA) \W (TB), TB writes the same value that TA read.3. If there are any transactions that follow both TA and TB in the projected history, then for each variableor database object in W (TA) \W (TB), TA writes the same value as TB .Proof: If W (TA) \ R(TB) is empty, then the execution of TB does not depend on the execution of TA.Therefore, commuting TB backwards over TA will not a�ect the outcome of TB (from Fact 7.1). If theintersection were nonempty, then we cannot commute because we do not know how the execution of TAa�ects the underlying database state, except that it could impact the execution of TB .If R(TA) \W (TB) is nonempty, then after the commutation TA will read from (and therefore dependon) TB. The outcome of TA will be a�ected only if TB writes di�erent values, causing TA to read di�erentvalues. However, as long as the values read by TA remain the same, its outcome will not be a�ected, byFact 7.1. If R(TA) \W (TB) is empty, then the execution of TA cannot be a�ected by the execution of TB.If there are transactions that follow TA and TB in the history, then if the two subtransactions do writedi�erent values any transactions following them will not read the same values. As long as they both writethe same values, any transactions following them in the projected history will read the same values, andtherefore have the same outcome, by Fact 7.1.Since view commutation of TB over TA when the above conditions are de�ned a�ects the outcome of noneof the transactions in the projected history, then the commuted history is equivalent to the original one. 2.1Commuting backwards in this circumstance means, neither TA nor TB have been executed yet. TA logically comes �rst,but we move the actual execution of TB logically backwards over the (not yet executed) TA.16



7.2 Elimination of WorkIn addition to commuting adjacent subtransactions in projected recovery histories, we also need to be able todetermine when a subtransaction should not change the state of the database. Elimination during replace-ment recovery is the process of determining what of the subtransactions that are considered during recoverystill stands, regardless of the fact that earlier subtransactions of the partial order have been replaced. Forexample, again using the plane and hotel example from Section 6.4, changing the plane reservation may nota�ect the hotel reservation at all. Therefore, the subtransaction(s) to compensate for the hotel and remakethe hotel reservation need not be executed at all.In this and subsequent sections, we use the term \semantic undo" frequently. Earlier we mentioned theconcept of \sloppy undo", which is also a semantic notion of undo. In our terminology, a \sloppy undo"really doesn't reverse the e�ects of the subtransaction it undoes from the point of view of the data. Forexample, a sloppy undo of a payment for a plane reservation might write a letter to claim refund moneyfrom a bankrupt airline.\Semantic undo" in these sections really does try to reverse the e�ects of the original subtransactionfrom the point of view of the data. A semantic undo of a payment would get a refund. If the values readby the semantic undo are those that were written by the original transaction, then executing the semanticundo should leave the relevant data in the state it was in before the original transaction was run. This is an\exact semantic undo".In replacement recovery, the steps involved in re-executing a subtransaction T immediately follow thesteps involved in compensating for T . Thus, the replacement subtransaction T 0 = TC jTR2. During elimi-nation, the question we ask is, \Can TR do something semantically equivalent to what T did?". If so, thensince TC semantically undoes what T did, T 0 will just be a big semantic no-op, and can be eliminated.We base our test for elimination on the following theorem:Theorem 7.2 (Elimination Theorem) If1. for each variable or database object in R(T 0)�W (TC ), T 0 expects to read the same values that T read,and2. for each variable or database object in R(TC)\W (T ), TC expects to read the same value that T wrote,and3. for each variable or database object in R(TR) \ W (TC), TC expects to write the same values thatT (= TR) read,then T 0 can be eliminated without a�ecting the consistency of the open nested transaction.Proof: First consider the execution of the steps of TC . If TC is exactly compensating T , then TC shouldhave the same write-set as T had. Similarly, the read-set of TC is a subset of the read-set of T . The semanticundo will exactly undo T if TC reads the same database state that was left after T (for the relevant portionof the database). This is certainly true if the following conditions hold:1. For each variable or database object in R(TC) �W (T ), TC expects to read the same values that Tread.2. For each variable or database object in R(TC) \W (T ), TC expects to read the same value that Twrote.Now consider the execution of the steps of TR. If TR reads the same variables and values as T , it shoulddo exactly the same thing T did, by Fact 7.1. This would occur if the following conditions hold:1. For each variable or database object in R(T ) �W (TC), TR expects to read the same values that Tread.2. For each variable or database object in R(T ) \W (TC), TC expects to write the same values that Tread.2Here the j means that the steps of TR immediately follow those of TC.17



If TC exactly undoes T (which happens if the �rst set of conditions is true), and TR exactly redoes T(which happens if the second set of conditions is true), then TC jTR should combine semantically to have noe�ect on the underlying data. These two sets of conditions, combined with the fact that W (T ) = W (TC)combine to give the conditions of the theorem. 2Note that elimination favors the situation where the semantic redo does the same thing as the originaltransaction, even if other alternative re-execution paths are valid.7.3 CorrectnessAn Interaction is de�ned as a partial order of subtransactions. This partial order de�nes the dependenciesamong the di�erent subtransactions. When a subtransaction T is explicitly invalidated because of someexternal circumstance, we de�ne the invalid portion of the Interaction as the part of the partial order thatincludes T and all of its descendants. We call all of the subtransactions in the invalid portion invalidsubtransactions.De�nition 7.3 (Compensation-Correct Execution) A complete execution of an Interaction is compen-sation-correct if the following conditions hold:1. Each invalid subtransaction has a compensating subtransaction in the execution. The compensatingsubtransaction is ordered after its corresponding original subtransaction. If the invalid subtransactionis read-only, the compensating subtransaction may be empty.2. If two invalid subtransactions were ordered in the original execution, then the corresponding compen-sating subtransactions are ordered in the inverse order.3. Each new subtransaction follows the previous valid committed subtransaction in the Interaction de�ni-tion's partial order.4. If the Interaction was aborted, the execution contains no valid subtransaction, only invalid subtransac-tions and compensating subtransactions.De�nition 7.4 A correct compensation-based history contains a set of compensation-correct Interactionexecutions, arbitrarily interleaved at the subtransaction level.Now we can look at correctness with respect to alternative recovery approaches.De�nition 7.5 (View Equivalence) Two executions of a given Interaction are view equivalent if, whenexecuted in isolation, one can be made into the other using only correct view commutation and subtransactionelimination operations, as de�ned in the previous two sections.De�nition 7.6 (Correctness) A correct replacement-based history contains an arbitrary interleaving at thesubtransaction level of a set of Interaction executions, each of which is view equivalent to a compensation-correct execution.8 The Replacement AlgorithmThe replacement recovery algorithm attempts to replace as much of the work done by the invalid portionof an open nested transaction execution as is possible, while defaulting to compensation-based recoverywhen replacement is not possible. In the worst case, a schedule for replacement recovery is identical to thecompensation schedule. In the best case, the schedule for replacement recovery atomically replaces only theinvalid subtransaction and those subtransactions in the invalid portion whose view of the database di�ersfrom the view that the original subtransaction read.In the replacement recovery algorithm we make use of two rules, based on our earlier observationsconcerning view equivalence and elimination. The �rst is that a subtransaction can be replaced if thefollowing two conditions hold for it: 18



1. All of its ancestors in the invalid portion have been replaced or their replacement subtransaction hasbeen eliminated.2. The replacement subtransaction view-commutes over all of the (yet to be executed) compensatingsubtransactions for its descendants in the invalid portion.The second rule states that, if a given subtransaction can be replaced, then the replacement can be eliminatedif it is semantically has no e�ect. With elimination, the replacement subtransaction e�ectively only readsthe values of some objects in the database, so when we test for commutativity we only need to commutethose read operations.We assume that when the replacement algorithm is invoked, all subtransactions in the invalid portionhave committed. If there are uncommitted subtransactions in the invalid portion, we can simply abort them.However, we need to ensure that once the subtransactions are aborted, there is still a path in the invalidportion to all descendants of the invalid subtransaction. To ensure this, we restrict the commit order of thesubtransactions to be consistent with the partial order of the open nested transaction; thus, no uncommittedsubtransaction can have a committed subtransaction as its descendant in the partial order.We also assume the presence of a log. The log contains the read- and write- sets (and their values) foreach subtransaction. Also, we assume that the read- and write- sets (and some of the values they expect)can be deduced for the compensating subtransactions. They are logged as well.8.1 PseudocodeAlgorithm 8.1 (Test Elimination) Input: Read- and write-sets (and values) from T 's execution. Pro-jected read- and write-sets (and values) for TC read from the log.Output: The subtransaction ID if elimination succeeds, else NULL.1. Begin a subtransaction.2. For each item in T 's read-set that is not in the projected write-set for TC , read its current value andcompare it to the saved read-value for T . If the value is di�erent, abort the subtransaction and returnNULL.3. For each item in both T 's write-set and TC 's read-set, compare the saved write-value for T with theprojected read-value for TC . If the value is di�erent, abort the subtransaction and return NULL.4. For each item in both TC 's write-set and T 's read-set (where TR = T ) compare the projected write-valuefor TC with the projected read-value for TR (which is the read-value for T ). If the value is di�erent,abort the subtransaction and return NULL.5. Return the TID of the subtransaction.Note that the algorithm to test for elimination assumes that TR will be identical to the original sub-transaction T . This is certainly true if elimination succeeds. If the read values diverge, elimination certainlywill not succeed. Therefore, this assumption is valid.The algorithm for view commutation of two transactions is as follows:Algorithm 8.2 (View Commutation) Input: P , the invalid subtransaction and its descendants. Theread- and write-sets for T 0.Output: R, the set of compensating subtransactions T failed to commute over.1. Let T be the subtransaction that was originally invalidated. Remove T from P . Initialize R to �2. From a log, get the read- and write- sets for the compensating subtransactions for each subtransactionin P .3. Given the input read- and write- sets for T 0, the replacement of T , do the following until P is empty:(a) Let C be the compensating transaction for some transaction B in P that has no ancestors in P 'spartial order. 19



(b) If the intersection of T 0's read-set and C's write-set is nonempty, place B and all of its descendantsin P into R and remove them from P .(c) If the intersection of T 0's write-set and C's read-set is nonempty, check for each item that T 0writes the same value C expects to read. If this is not true for some item, place B and all of itsdescendants in P into R and remove them from P .(d) If P has more than just C in it, then if the intersection of T 0's write-set and C's write-set isnonempty, check that T 0 and C will write the same value. If this is not true for some item, placeB and all of its descendants in P into R and remove them from P .(e) Remove C from P .4. Return R. If R is empty, the commute was successful.Algorithm 8.3 (Replacement) Input: P , the invalid portion.1. Choose some invalid subtransaction T whose ancestors in the invalid portion have all been replaced.2. Test if the replacement for T can be eliminated using Algorithm 8.1. If so, do the following:(a) Using Algorithm 8.2, view commute T 0 over the compensating subtransactions for all of T 's de-scendants in the partial order, with read-set(T 0) = read-set(T )[ read-set(TC) and the read-valuesset to the earliest values that would be read by T 0. The write-set of T 0 is empty.(b) If the view commute succeeds, abort the transaction begun by the elimination algorithm and removeT from the invalid portion.(c) If the view commute fails to commute T over some compensating subtransaction C, call the com-pensation algorithm de�ned below, with the returned set S equal to the set R returned by the viewcommute algorithm.3. If elimination fails, do the following:(a) Continuing with the transaction begun by the elimination algorithm, execute TC but do not com-mit it. Pass the transaction control to the process that originally speci�ed the Interaction (thetransaction speci�er).(b) The transaction speci�er executes a new TR as a part of the same transaction, and passes controlback. Now a new T 0 has been executed but not committed.(c) Get T 0's read- and write-sets from the current execution.(d) Using Algorithm 8.2, view commute T 0 over all the compensating subtransactions for all of T 'sdescendants in the partial order.(e) If the view commute succeeds, commit T 0 and remove T from the invalid portion.(f) If the T 0 does not commute over some compensating subtransaction C, abort T 0. Call the com-pensation algorithm de�ned below, with the set S equal to the set R returned by the view commutealgorithm.4. If there are any subtransactions remaining in the invalid portion, go back to step 1 and try again.Otherwise, allow the open nested transaction to continue its execution from the current state.Algorithm 8.4 (Compensation) Input: S, the set of subtransactions that can't currently be replaced.1. Choose some subtransaction U 2 S that has no descendants.2. Execute and commit the compensating subtransaction for U .3. Remove U from the invalid portion and from S.4. If S is empty, return. Otherwise, go back to step 1.Note that the replacement recovery algorithm falls into compensation recovery when replacement fails.Compensation recovery (including, where necessary, sloppy compensation) always succeeds. Therefore, re-placement recovery should always succeed as well. 20
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Now let us compare states 3 and 5, to see whether they di�er in how they might a�ect the re-execution(here represented as hotelR; � � � though the actual execution may diverge from this). Because they commuted,we know that if plane0 and carC ; � � � ; hotelC overwrite each other, they both write the same value. Thereforethe database state after both of them are executed is not dependent on their execution order, and the valueof any variable or database object that hotelR; � � � reads from either is the same in either state.We see then that we do not need to worry about context when we reorder plane0 with respect tocarC ; � � � ; hotelC . Therefore, replacement recovery can begin with the current context, and will generatethe same correct recovered state that would be reached using compensation-based recovery.9 ExamplesThis section contains three examples of situations where replacement recovery is invoked, to demonstratehow useful it is in di�erent situations.9.1 Plane, Hotel, and Car ExampleLet us examine how the situation described in Section 1.1 would manifest itself in the multidatabase, andhow it would be handled. In this example, assume that both 
ights and the car rental have been booked,but the traveler has not left yet. Thus, in the process 
ow diagram of Figure 3, the current state of theInteraction is represented by the state set fe; i;mg. Furthermore, the weak con
icts on the existence of theplane and car reservations are still in e�ect.At this point, assume that the airline cancels the outgoing 
ight. Then the following steps occur:1. The airline invokes an independent transaction on its own database to cancel the 
ight and delete allof the reservations on that 
ight.2. The Activator on the airline's local database receives a copy of the transaction message that deletesthe reservation, detects that the update may be of interest, and generates a query to check the stateof the information in the database concerning the 
ight reservation.3. The local database returns the query response to the Activator, con�rming the reservation has beencanceled. (Note that the supplementary query is necessary, as the transaction that canceled thereservation could have been aborted.)4. The Activator noti�es the Interaction Manager of the violation of the weak con
ict.5. The Interaction Manger noti�es the multidatabase application that the weak con
ict has been violated.6. The multidatabase application responds by telling the Recovery Manager associated with the Interac-tion Manager to roll back the Interaction through the plane reservation and re-execute it.7. The Recovery Manager then semantically undoes the plane reservation global transaction (but doesn'tcommit it). Then, as a part of the same transaction, the multidatabase application books a new 
ightand gets new go info. In this example, we assume that the new 
ight occurs on the same date as thecanceled 
ight. During this process, the Activator is also told to remove the old event from the eventtable and to place a new event on the existence of the new 
ight into the event table.8. The Recovery Manager tries to view commute the replacement transaction for the 
ight to the frontof the projected history. The view commute succeeds because the 
ight dates did not change. TheRecovery Manager then commits the replacement transaction.9. Because the new 
ight is on the same date as the canceled 
ight, the replacement transactions for therental car and the hotel can be eliminated from the recovery execution. So the interaction's state onceagain reaches the state set fe; i;mg.This entire process is shown in Figure 9.Eventually, the customer takes the outgoing 
ight. At this point, the Interaction Manager should seethat the 
ight has been taken, and continue executing the Interaction as appropriate. This is done as follows:22
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This does not work because the original flight reservations were cancelled.

Assume that new reservations can be made for the same travel dates.
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delete hotel
reservations
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This  works because the travel dates did not change
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make car
reservations...... ... delete flight

reservations

delete car
reservations

make new flight
reservations

et cetera

make new car
reservations

(a) Project the beginning of the execution with compensation−based recovery

(b) Commute the flight reservation changes to the beginning of the projected execution (if possible)

(c) Try to eliminate flight reservation changes.

(d) Execute the flight reservation changes.

(e) Commute the hotel reservation changes to the beginning of the projected execution (if possible)

(f) Try to eliminate hotel reservation changes.

Figure 9: The replacement recovery process for the plane, hotel, and car example. In each stage, the end ofthe current history is shown on the top row, and the projected execution is on the row underneath.23



get hotel

get car

get ferry

begin

H

C

F

P

if airline is United

get flight

Figure 10: Example: Frequent 
yer miles give traveler a free car rental, requiring ferry reservations to bemade for the rental car.1. The airline's database is updated by some independent transaction to indicate that the 
ight landed.2. The Activator on the airline's database sees the copy of the update, and generates a query to checkthe 
ight state.3. The query returns indicating the plane has indeed landed, and the Activator sends a notice of this tothe Interaction Manager. The Activator then removes this event from the event table.4. The Interaction Manager receives the notice, and continues executing the appropriate Interactionthread. This causes the travel agent's database to be updated. In the process 
ow diagram, there is astate transition from state e to state f , making the current state set ff; i;mg.5. The Interaction Manager cancels the weak con
ict on the outgoing 
ight reservation.9.2 Ferry ExampleA second example is shown in Figure 10. Here we have a traveler who is trying to use his United frequent
yer miles to get a free rental car. However, his trip includes a visit to an island, and if he has the car heneeds to make a ferry reservation for the car. Otherwise, he can just get on the ferry with no reservation.Now, let us assume that the United 
ight is canceled, and the best 
ight to replace it is on another airline.Thus, the traveler cannot get the free rental car, and does not have to make the ferry reservation any more.The original execution dependencies are re
ected in the arrows between the atomic blocks in the �gure.The \get hotel" block is dependent on the airline 
ight dates. The \get car" block is dependent on both the
ight dates and the airline. The \get ferry" block is dependent on the existence of the rental car reservation.In this example, the initial history before the airline 
ight is canceled is shown in Figure 11(a). Fig-ure 11(b) shows the projected compensation-based recovery execution; the actual recovery execution shouldbe equivalent to this one.At the point in the scheduling shown in Figure 11(c), the 
ight has been successfully replaced by another
ight on a di�erent airline, and replacing the rental car is considered. However, since not enough frequent
yer miles are available for the free rental car (because of the change of airline), the car reservation is justcanceled. At this point the ferry reservation is not required, so no code to replace the ferry reservation isexecuted. Note also in this �gure that, since the compensating block for getting the ferry reservation doesnot read any information about the rental car (unlike its initial counterpart), the atomic block dealing withthe car does commute over it.By the point shown in Figure 11(d), the ferry needs to be dealt with. The compensating block for theinitial ferry reservation commutes over the hotel reservation, since the two have nothing to do with each24



get flight get hotelget car get ferry... ... ... ...

(b) Projected execution with compensation−based recovery

(a) Original history (before flight is cancelled)

get flight get hotelget car get ferry... ... ... ...

unget ferry unget carunget hotel unget flight

get new hotelget new flight get new car
(no car)

get flight get hotelget car get ferry... ... ... ...

unget ferry unget carunget hotel

unget flight get new flight

get new car
(no car)

get hotel... ... unget car

unget hotel

unget flight get new flight get new car
(no car)

(c) History and projected execution after new plane reservations are made (working on car)

unget ferry

(d) History and projected execution after no new car is gotten

get flight get hotelget car get ferry... ... ... ... unget flight get new flight

unget car get new car
(no car)

unget ferry

(e) Final history after recovery, assuming the hotel reservation stands

unget hotel get new hotelFigure 11: Steps in scheduling recovery for example.25



begin

if money left in budget

get flight
update budget

get hotel
update  budget

get car
update budget

get day cruise tickets
update budgetFigure 12: Example: Keeping a trip within budget causes recovery to degrade to a totally compensation-based strategy.other. Then, just after this, the recovery process notes that the hotel blocks would not change anything, andthus they can be eliminated from the recovery history. The �nal history after recovery completes is shownin Figure 11(e).9.3 Budget ExampleAnother example where recovery is constrained by data access is shown in Figure 12. In this �gure, a carefulbudget is being kept, and the trip must cost less than the budget. In this situation, even though the blockto get the hotel and the block to get the car theoretically can execute concurrently, a sequence is forced onthem because they both have to access the budget internal variable.In this example, replacement can do nothing to optimize what needs to be done during recovery. Thisis because every original block, every compensating block, and every re-executed block read and change thebudget variable. Thus, each such block must read from the previous such block. Therefore, no block executedduring recovery can commute over the previous block, and the replacement recovery order deteriorates to beidentical with the compensation-based recovery order.The only way that this example could be made more e�cient is to take semantics into account whentesting for commutation. This is a subject of future research.10 Related Research10.1 (Almost-) Serializable ModelsThis work assumes an underlying multidatabase transaction manager that enforces the atomicity or semanticatomicity of global transactions on the multidatabase. This problem is currently receiving much scrutiny.Gligor et.al. [13] were the �rst to really explore issues concerning multidatabase transaction serializability, andthey came up with a list of requirements that need to be met by the global transaction manager. A thoroughsurvey of the approaches to these problems can be found in [2]. Speci�c work includes [20, 16, 24, 23, 12, 17].Elmagarmid and Du [9] explore how di�erent local concurrency control models a�ect their serialization order.Schemes that do not necessarily enforce serializable global transaction executions, but try to approximateit, include quasi-serializability [7] (also called multidatabase serializability [1]) and two-level serializability(2LSR) [18]. Both QSR and 2LSR are easy to enforce in a multidatabase, but they need supplementaryrestrictions on transaction structure to ensure consistent execution at the global level.26



10.2 Open Nested ModelsOpen nested transactions di�er from standard nested transactions [19] in that the children of a parent operateunder di�erent spheres of control [4]. Unlike multilevel transactions [26], open nested transactions are notrestricted to conform to a consistent number of levels. Because Interactions are de�ned for a multidatabaseenvironment, we restrict our nesting to two levels, although the model does not preclude extension to deeperlevels of nesting.An early open nested transaction model was Sagas [11]. A Saga is a sequence of independent atomictransactions. This work was extended to the nested Saga model [10]. In a nested Saga, a child can be eitheranother Saga or a transaction.Nested Sagas, ConTracts [25], and Flex transactions [8] extend the open nested transaction model toallow 
exibility in execution depending on the database state. With 
exibility, di�erent ways of achievingthe same goals are speci�ed. Which way is actually taken depends on the state of the underlying databaseat the time the actual steps of the transaction are attempted. Some types of 
exibility that are supportedinclude:� Do some step in one of several ways; e.g., book either the United 
ight or the TWA 
ight.� Allow some step to be optional; e.g., rent a car if one is available.� Allow divergent sets of steps; e.g. either book a 
ight and rent a car at the destination, or rent a carat the source and drive the whole way.The open nested transaction model presented in ConTracts is very similar to the Interaction model.However, while Interactions are responsible for their own consistency, ConTracts place the responsibility ofdealing with con
icting operations in the database itself.One other transaction model that incorporates open nesting is the extended nested transaction modelfrom [6]. This model assumes an underlying database that is active.10.3 Recovery ApproachesOur work di�ers from other work in open nested transactions because of the types of failure we support.All work, including ours, needs to deal with open nested transaction failures when a system failure occurs.Also, all work on aborting deals with the issue of rolling back the entire open nested transaction, includingthe committed portion. This is because the \all-or-nothing" requirement usually assumed for all types oftransactions forces the model to support a complete (semantic) undo in case of transaction abort.All of the models described in the previous section use a form of recovery called compensation. This formof recovery was �rst de�ned in detail by Garcia-Molina and Salem [11]. In their Sagas, each transaction hasa corresponding compensating transaction. A correct and complete execution of a Saga looks like a sequenceof transactions: T1; T2; � � � ; Tn:However, the Saga may also be undone in midstream, causing the compensating transactions to be run inthe inverse order of their corresponding original transactions:T1; T2; � � � ; Ti; Ci; � � � ; C2; C1:This approach requires that, as a Saga executes, its code and the compensating code are stored persistently.Nested Sagas [10] require that the compensating Sagas be invoked recursively.The ConTracts work [25] makes some additional observations concerning compensation. Compensatingtransactions do not need to run in the inverse order of their corresponding transactions: In fact, compensatingtransactions are often completely independent and can run concurrently. In this work, we have taken thisone step further, as view commutation de�nes when this concurrency can occur.Because open nested transactions make partial results visible early, recovery of one transaction cancascade to others. ConTracts address this problem by explicitly maintaining all dependencies. However,this maintenance is not always possible. For example, dependencies cannot be explicitly computed in amultidatabase. 27



Korth et.al. [15] describe compensation with respect to their entitywise 2PL correctness speci�cation fortransaction execution. They examine the e�ects of intervening con
icting transactions on the success ofcompensating transactions, and give some ideas on how to constrain executions so the resulting history isapproximately sound.Since our open nested transaction model is reactive, in addition to failure recovery and complete trans-action abort we support con
ict- or event-driven partial rollback of committed portions of an open nestedtransaction when a con
icting operation has occurred. We do not know of any other work that examinesthis form of recovery.11 ConclusionsWe have examined planning applications and their requirements on an underlying multidatabase. We de�neda planning application as one that generates tasks that are long-lived, and that needs to respond to changesin the underlying database. We gave a variation of the standard travel agent example which demonstratesthe needs of a planning application with respect to a multidatabase.The user of a planning application de�nes a planning task to the multidatabase using an Interaction.Interactions follow an open nested transaction model. They also use a notion of weak con
ict to de�netheir expectations on the state of relevant information in the database. If the database evolves in a waythat violates an Interaction's weak con
ict, then the Interaction is noti�ed of the change and can respondappropriately. For example, a person booked on a 
ight may need to know and respond to the fact that his
ight has been canceled.An Interaction de�nes a weak con
ict as an update in the database that causes some condition to beviolated. When the event occurs, the Interaction Manager is noti�ed, and applies the user-de�ned eventhandler to recover from the problem.We de�ne a multidatabase architecture that uses Interactions as its access mechanism. It includes acentralized Interaction Manager that coordinates the execution of the Interactions themselves. Each localdatabase has an Agent and an Activator. The Agent acts as an extension to the local database to providethe additional functions required by the multidatabase. The Activator monitors the local database for eventsof interest. The Activator and the Agent are both tailored to the design of the underlying database.We examine problems with implementing compensation-based recovery when an event is detected bythe Activator. We discuss a new compensation-based recovery scheme called replacement recovery thataddresses some of these problems. This scheme di�ers in many signi�cant respects from previously proposedtechniques, especially in the order semantic undoing and redoing is done and in the way steps are groupedtogether into atomic units.The contributions of replacement recovery include:� Undo and redo are executed as an atomic unit. In this way, the undo will not release a valuable resourcethat is needed in the redo.� Steps in the current plan are always favored over other equivalent steps. This is accomplished by theelimination process which avoids unnecessary work.� It is not necessary to undo everything that the Interaction has done. In this way, we minimize theamount of work that must be redone.� Redoing may begin early in the recovery process. It may begin as soon as a step is invalidated.We are currently implementing a prototype of this model, called Mongrel.References[1] Kenneth Barker. Transaction management on multidatabase systems. Technical Report TR 90-23,Department of Computing Science, The University of Alberta, 1990.[2] Y. Breitbart, H. Garcia-Molina, and A. Silberschatz. Overview of multidatabase transaction manage-ment. VLDB Journal, 1(2):181{239, October 1992.28
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