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AbstractA planning task's purpose is to determine, given information about the world, how to reach some partic-ular goal in that world. In this thesis, we examine the ways that a planning task interacts with informationin di�erent databases. These databases are grouped together into a single logical entity, a multidatabase.A planning task lasts from the time the goals are initially decided on to the time the execution of theplan is complete. During this time, which may be very long, the state of the world as represented in themultidatabase may evolve. If this evolution a�ects the validity of the plan (as developed so far), then theplan itself may need to be modi�ed so that it is valid given the new state of the multidatabase.We propose a new transaction model, called Interactions, and an architecture to support them. Thismodel and architecture provide the following capabilities to the planner.1. De�ne di�erent possibilities for how to accomplish the goal and the relative acceptability of eachpossibility.2. De�ne conditions that are set by speci�c subtasks and which must be maintained for the plan to remainvalid.3. Detect when a condition is violated, indicating the plan is no longer valid.4. React to the condition violation by modifying the current plan into one that is valid given the currentmultidatabase state.. This thesis has two major themes. The �rst is theoretical: we provide a formal de�nition for Interactions.Basically, an Interaction is an open nested transaction, i.e., a partial order of atomic multidatabase transac-tions. It is a 
exible model in that di�erent plans cause di�erent sets of global transactions to be executed. Itis reactive in that it can automatically replan when some change in the multidatabase invalidates the currentplan. We give an underlying theory about correctness for atomic multidatabase transactions (which are thebasic building blocks for Interactions), and for Interactions both independently and in situations where itmust react to some change in the multidatabase. We provide scheduling and synchronization algorithmsthat ensure both that Interactions get executed correctly and that changes as little completed work done bythe Interaction as possible given the di�erent changes in the multidatabase.The second theme of this thesis is a system design and implementation of a multidatabase that supportsInteractions. We de�ne a language, TaSL, that can be used to specify Interactions. We also describe thebasic system design of our multidatabase system, Mongrel. Mongrel has been used to test the feasibility andpracticality of Interactions as a multidatabase transaction model. Novel functions of the Mongrel systeminclude an ability to check the multidatabase for speci�c changes that impact running Interactions. It alsoprovides for the ability of each local database in the multidatabase to de�ne its interface to the multidatabase,and to use this interface to automatically generate semantic undo steps in the local database when needed(e.g. in backing out of some invalid plan).



Chapter 1Introduction1.1 What is a Multidatabase?A multidatabase is a time-varying collection of autonomous local databases containing information that maybe queried and/or updated together. Multidatabases are created when it becomes useful to access relatedinformation that is already stored in di�erent databases via some uniform interface. It may be impracticalto copy all of the data into a single database. For example, if the data in the databases were managed bydi�erent enterprises, copying it into a single database would be out of the question.A multidatabase has two-levels. The local level consists of a set of autonomous local databases thatactually hold the information in the multidatabase. It is the local level that ensures that the informationin the multidatabase is persistent. The global level contains the modules that allow a user to access theinformation in the collection of local databases as if they were using a single database. Because the localdatabases are autonomous, the global level needs to operate without the explicit cooperation of the locallevel.At the global level, a multidatabase needs to provide its users with a coherent means for de�ning andexecuting speci�c tasks on the information in its collection of local databases. In single databases, tasksare executed as atomic transactions. Multidatabases may need to support di�erent mechanisms for taskspeci�cation, and for insuring that the information in the multidatabase remains consistent.Consider as an example of a multidatabase the set of databases used by a travel agent. The travel agenthas his own private database that stores information about his speci�c customers and the trips he is currentlyworking on. In addition to accessing the information in his own database, the travel agent also has accessto airline databases such as United, TWA, and PanAm for making plane reservations. Similarly, he hasaccess to hotel reservation databases, rental car databases, cruise databases, and many other repositories ofinformation relating to the travel industry. These di�erent databases are accessed as if they were a singledata repository, the multidatabase, that has a global interface the travel agent can use in booking trips forhis customers.1.2 What is a Planning Task?Long-lived applications that access one or more databases are di�cult to support using traditional transactionmodels. Planning applications are used when people (or intelligent processes) are deciding the best wayto accomplish some goal and taking steps to ensure that that way succeeds. An example of a planningapplication is that of a travel agent. A task for a travel agent might be making plans for a business trip. Atthe outset, the traveler knows that he must be in a particular city for some number of days. He also needsa hotel and some way to get around to the various meetings during his stay. He has no idea what the bestand 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. Typically, a planning task begins when the ultimategoal is �rst envisioned and the plan begins to take place. As the plan is developed, reservations are madeto ensure that the plan succeeds. Finally, the plan is executed. Since plans may change based on di�erent1



circumstances, a planning task typically does not end until the plan has actually been executed to completion.Furthermore, if we look at the structure of a planning task, we �nd that it typically consists of short activitiesseparated by long periods of idle time. For instance, a traveler doesn't always make decisions about whathotel to stay in at the same time he makes his plane reservations.In a planning task, we view the underlying database as a (hopefully accurate) representation of the stateof the world. We expect the database to evolve as conditions change in the world. Because of the lengthof the planning task, we cannot expect the database to remain static from the point of view of the task.Rather, we need a model for interaction with the multidatabase that allows the planning task to react to thechanges in the world and evolve its work so that it remains consistent with the evolving information in thedatabase.When changes happen in the outside world that a�ect a planning task, the reservations made by thetask need to be updated to take those changes into account (reactivity). As they proceed, planning tasksaccomplish subtasks, such as making di�erent reservations in the databases. Later subtasks rely on some ofthe e�ects of earlier subtasks. A planning task can explicitly specify conditions on these e�ects that shouldcontinue to hold for its work to remain consistent, along with a speci�cation of what could be invalid if thoseconditions no longer hold.Suppose that we make an airline reservation as a part of our trip to San Francisco. We assume the 
ightinformation as we try to make a car reservation. Thus, the condition on the 
ight reservation is that theplane will 
y at that speci�c time. If the 
ight is canceled, the reactive task determines what additionally isa�ected by the change, namely the car reservation. Thus, the car reservation is also reconsidered. Thus, ourassumption is that a reactive task must protect itself from changes in its environment, but without explicitlypreventing these changes from occurring by maintaining control over the data.In this thesis, we assume that planning tasks are executed in a multidatabase using a two-level opennested transaction model (e.g., Sagas [GS87]). That is, a task executes a related set of atomic transactions,and commits when the plan has executed to completion. An open nested transaction di�ers from a traditional(closed) nested transaction (see [Mos85]) in that when a child transaction commits it releases its resourcesrather than passing them on to the parent transaction. Thus, the parent transaction is not atomic.In classic transaction processing theory, transactions are kept isolated so that dependencies cannot form.We allow such dependencies to form because preventing them may not be desirable in the long-lived appli-cations we support. Thus, there must be additional database support for dealing with work that dependson other work that has become invalid, and for examining alternative ways to accomplish any work that hasbecome invalid. Note that these alternatives are already built in in the 
exible task speci�cation.In this way, each task is able specify how to �x itself in the face of autonomous events. Then when a con
ictoccurs, recovering the consistency of the task can be automatic. Therefore, planning tasks may use di�erentmethods for maintaining their own consistency in the presence of con
ict, in contrast to classic transactionswhere isolation (atomicity) is the only method that the database supports for ensuring consistency.In this thesis, our approach to regaining consistency is primarily through semantic undoing inconsistentsubtasks and then working forward. By semantic undoing (compensation) we mean running a di�erenttransaction that executes steps that reverse the e�ects of the transaction that executed the original subtask.By working forward we mean continuing the planning task from some recovered consistent internal state.1.3 Planning Task ExamplesExamples of planning applications abound in the real world, including the travel agent example (which iswidely discussed in multidatabase transaction research), as well as Arti�cial Intelligence planning applicationsfor military and other operations. This section expands on the travel agent example by de�ning severalscenarios for booking travel plans. We hope to give a 
avor for the di�erent expectations people have withrespect to a planning application. These illustrations are used to help us to understand the requirementsthat a planning application places on an underlying multidatabase.1.3.1 Standard Trip PlanIn the �rst example, a travel agent is booking a business trip for a customer. This requires booking around-trip plane 
ight, a hotel and a rental car. When �rst planning the trip, the travel agent does the2



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 a hotel once the arrival time is known. The customer may have preferences concerning the typeof hotel to book, and these preferences should be honored.5. Notes the hotel information in the travel agent database.6. Books the rental car once the arrival time is known. This also noti�es the car rental agency whenthe car should be available. If no car is available, this step is optional. Note that this can be doneconcurrently with the step that books the hotel.7. Notes the car rental information in the travel agent database.8. Sends the itinerary to the customer.Later, the customer pays for the tickets and the travel agent issues them to the customer. The customercan then take his trip and everything goes smoothly.1.3.2 Trip Plan with BudgetA second example is very similar to the standard trip plan except that the traveler has a budget for the trip,and the cost of the whole trip is required to be within the budget. In this case, the budget is kept internallyto the trip, and the amount of the budget is decremented appropriately when each reservation is made.Thus, the steps in the previous example that booked the 
ights, the hotel and the rental car would bothrequire access to this single, internal variable. Also, since the potentially concurrent steps of booking thehotel and the car both also decrement the budget, these two steps will be forced into a speci�c nonconcurrentexecution order during the planning of the trip. This is because of concurrency control restrictions on theinternal variables, which need to be managed as if they are data items in some local database.1.3.3 Trip Plan with Flight CancellationThe third example is just like the trip plan, with the exception that the 
ight is canceled after the itineraryis sent to the customer, but before the day of the trip. The plans for the trip are now invalid because someexternal condition that the plans depended on (the existence of the 
ight) has changed. Since these changesoccur outside the scope of the trip plan, and possibly are done by some transaction running independentlyof the multidatabase, it is the multidatabase itself rather than the planning task that is in the best positionto notice the change. The multidatabase must then prod the travel agent application so that it can react byreplanning the invalid part of the task and making the plan consistent again.In this case, the traveler needs to modify the existing trip plan to work around the 
ight cancellationrather 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. Concurrently with checking the car reservation, checking to ensure that the booking for the hotel isstill OK. If not, adjusting the booking. 3



6. Noting any changes to the hotel arrangements in the travel agent database.7. Notifying the customer of the changes.8. Getting a refund for the canceled 
ight.9. Paying for the new 
ight.Note here that even though the car reservation and the hotel reservation logically require information fromthe 
ight reservation, they may not need to be adjusted (depending on how close the new 
ight times are tothe times of the invalid 
ight).If all the adjustments to the trip are possible, then the traveler can continue the trip as replanned.However, di�erent things may go wrong during the replanning process; for instance, no alternative 
ightmay be available. In this case, other alternatives must be tried. If no viable alternatives remain, theplanning task must be aborted.1.3.4 Trip Plan with Bankrupt AirlineThis last example is similar to the previous one with the 
ight cancellation, except that the traveler isoperating on a budget. The budget is managed as in the example in Section 1.3.2. Also, when the 
ight iscanceled, the customer is unable to get a refund because the airline went bankrupt.In this situation, two problems exist. First, the travel agent cannot get a refund on the ticket, but insteadmay have to take alternative actions such as �ling a claim against the bankrupt airline to be considered whenthe case goes to court. This causes a second problem, that the trip may no longer �t in the customer's budget,because the budget has to cover both the invalid and the new 
ights.1.4 What Makes Executing Planning Tasks on MultidatabasesDi�cult?There are four basic characteristics of planning tasks on multidatabases that require special consideration.First, the local databases in the multidatabase are autonomous, and should not need to be modi�ed toparticipate in the multidatabase. Second, planning tasks are long-lived. Third, since the optimal plan maynot be known at the time the task is speci�ed, the task speci�cation and execution may need to be 
exibleand depend on the underlying state of the multidatabase. Last, since the information in the multidatabasemay evolve as real-world situations change, the task needs to be able to react to changes that impact thevalidity of the plan.The following sections examine each of these requirements in more detail, giving details as to what theproblem is, why it exists, and what its impact is on an underlying transaction model.1.4.1 Local Database AutonomyIn this work (as in most multidatabase work), we assume that the local databases are autonomous from themultidatabase. There are several standard types of autonomy that are recognized in the literature.We assume that the local databases are heterogeneous, and therefore we support design autonomy. Designautonomymeans that the di�erent local databases may support di�erent concurrency control protocols, datamodels and data manipulation languages, and that the multidatabase cannot require modi�cation of thelocal database's code or functionality before it can participate in the multidatabase. This is particularlya requirement because multidatabases are usually formed when an organization requires uniform access toinformation scattered in a set of already existing databases.One exception we do make to the design autonomy requirement is that we only use local databases thatsupport ACID (atomic, consistent, isolated, durable) transactions and basic recovery from failure. This isbecause in our work we try to guarantee atomic global transactions at some level, and this is not possiblewithout some atomicity guarantees in the local databases.Execution autonomy means that the local databases can execute their transactions in any order. Oth-erwise, local database functions such as the concurrency control protocols would need to be modi�ed. One4



of the major problems this causes is that the local databases can execute other transactions besides thosenaturally generated by the multidatabase. These other transactions, which we call independent transactions,impact the multidatabase execution quite a bit. For instance, even if the multidatabase generates serialexecutions of its global transactions, the independent transactions may cause the local database to serializethe local parts of the di�erent global subtransactions inconsistently; therefore the global execution may not,in fact, even be serializable. Another consequence of execution autonomy that must be considered is thatthe local databases cannot be expected to participate actively in any distributed agreement protocol such asthe two-phase commit protocol used in distributed databases.Control autonomy refers to the amount that the multidatabase needs to control the order and timingof the messages on the input stream to the local databases. Violating control autonomy does not requiremodi�cation of the local databases themselves, but rather requires controlling the input to the local database.[SKS91a] notes that it is impossible to make certain guarantees about the atomicity of global transactionson a multidatabase without violating either control autonomy or execution autonomy.The communication autonomy requirement states that the local databases need not be explicitly awareof the multidatabase or of the other local databases in the multidatabase. Thus, the multidatabase itselfcannot assume that the local databases can communicate with each other during tasks such as coordinatinga global commit action.One less-discussed e�ect of the autonomy of the di�erent enterprises that manage the di�erent databasesin the multidatabase is that an enterprise's access to its own data should probably take priority over theaccess by the planning applications. This is because it is the enterprise itself that is responsible for thevalidity and consistency of its own data. For example, in an airline database, it is the airline's responsibilityto ensure that if a 
ight is canceled, the database re
ects that fact. The cancellation itself should takepriority over the di�erent planning tasks that have made reservations on that 
ight, simply because theairline has the ultimate say on whether or not the 
ight will actually take place.1.4.2 Task LongevityPlanning tasks are long-lived, as they are active from the time the plan begins to be speci�ed until theplanned activities actually complete. Yet it is the responsibility of the planning application to disturb theoperation of the enterprise actually responsible for the database as little as possible. This means that theplanning task itself should not block the enterprise from accessing its own data, at least for any major lengthof time. Thus, the planning applications should not hold locks on any information in the multidatabasefor more than a brief period. Certainly they should not hold locks for the entire duration of the planningapplication.Because (as a consequence of their long life) planning tasks are not atomic, their e�ects on the localdatabases in the multidatabase become visible before the planning task completes. This impacts the con-currency control and recovery protocols in the multidatabase. In particular, in the case in which a plannedactivity is canceled, the multidatabase must be able to semantically undo e�ects on the local database thatare already committed and visible. That is, the multidatabase must be able to run new transactions on thelocal databases that back out the changes made by the planning tasks. This should leave the local databasesin a state that is semantically equivalent, but not necessarily identical, to the state they were in before theplanning task ran.1.4.3 Task FlexibilityA planning task does not know the exact plans that it will make a priori. Rather, di�erent acceptablealternatives are examined, and the \best" plan (by some de�nition) is chosen among the di�erent possiblealternatives.We view making a plan as a searching process. The search for the best available plan begins with anattempt to do the job in the best possible way. As di�erent parts of that plan can be successfully put intoplace, di�erent local databases are modi�ed and their results committed. If the best way does not work,the planning application will try the second best way, and so on. For example, a traveler may try to bookhis 
ight on United Airlines. If that fails, he may try American. Once the 
ight is booked, he may try a5



hotel. If his �rst choice hotel does not work, another hotel might be tried (without a�ecting the existingplane reservation).De�ning a planning task 
exibly to the database allows a certain amount of this searching to be doneautomatically by the planning application. Di�erent alternatives are speci�ed and prioritized. The prioritiescan then be used to guide a more automated search. However, when a particular plan is partially realized andthen some critical step fails, it may be necessary to backtrack over some set of the completed (and committed)subtasks. This backtracking may involve removing the e�ects that that partial plan had committed in themultidatabase. Because of this, 
exibility also implies a need for semantically undoing committed workduring the search for the best feasible plan.1.4.4 Task Reactivity and EvolutionA planning task really operates on promises. A 
ight reservation is a promise that the traveler can actually
y to his destination on a speci�c 
ight at a speci�c time. However, because of the autonomy of the localdatabases, the multidatabase itself really can make no guarantees that the promise will be kept. We saythat the multidatabase can evolve into a state that is inconsistent with the completed work of the task.There are really two problems that occur when the multidatabase evolves like this. The �rst is that thetask itself is no longer consistent with the state of the multidatabase. That is, the task would no longerget the same results if executed after the multidatabase evolved. For example, if a 
ight were canceled, andsome task had made a reservation on that 
ight, the task is now inconsistent with the database. If the taskwere executed from the current state, the results would be di�erent.Because of this, we need to determine some way of changing the task (including its committed e�ectson the multidatabase) such that it is consistent with the current state of the multidatabase. This can bedone by monitoring key data items to ensure that they remain consistent with the expectations of the task,and reacting when the conditions are violated by backtracking over inconsistent subtasks and redoing thatwork to reach a new consistent state. Since we already have a 
exible task speci�cation, �nding a new wayto accomplish the same task can be done without explicitly invoking the application problem. Backtrackingover completed but inconsistent or invalid subtasks, however, requires the same semantic undo capabilitythat was used during the original planning search.Booking a new 
ight to replace a 
ight that was canceled is an example of a case in which a task must reactto a change in the multidatabase. However, once this type of reaction begins, the task becomes internallyinconsistent. Thus, regaining consistency when a multidatabase evolves in a way that impacts some taskalso requires that the task regain its internal consistency.The real problem here is determining exactly what needs to be done to regain internal consistency.Because we have existing promises to the traveler in the form of reservations, we want to disturb the originalplan as little as possible during this process.For example, if a hotel was booked based on the arrival date of the 
ight, the task could just assumethat the hotel booking is now inconsistent. This may not be true however, as the new 
ight may be onthe same day as the old 
ight was. In this case, even though the hotel reservation was dependent on theplane reservation, the critical results from the plane reservation (from the point of view of the hotel) did notchange. The rebooking of the hotel is simply not necessary. In complex plans in which the user wants tominimize the impact of the plan change on the task as a whole, it becomes very important to deal with thistype of situation e�ciently. In fact, we consider this so important that we place an additional requirement onreactivity: it must not only bring the task back into a state which is both consistent with the multidatabaseand internally consistent, but also it must do this by making as few a number of changes to the plan as ispossible.We assume that the di�erent local databases in the multidatabase are autonomous. Therefore, we alsoinsist that the monitoring of the local databases for changes, the tasks' reactivity to changes, and thebacktracking/redoing required to bring the tasks to new consistent states must be done without the explicitcooperation of the di�erent local databases. 6
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wFigure 1.1: Basic structure of an Interaction.1.5 The Interaction ApproachInteractions are 
exible, open nested database transactions. By open nested, we mean that Interactions arede�ned as a related set of global transactions, each of which executes in its own sphere of control (as de�nedby Davies in [Dav78]). As each global transaction completes it fully commits and releases its resources. By
exible, we mean that alternative executions may be speci�ed, though only one will actually succeed.The Interaction model is meant to support applications whose tasks execute for a long time and/or maybe de�ned 
exibly. A key new feature of Interactions is its support for backtracking, both in searchingfor and executing the best feasible alternative from the 
exible de�nition, and in backing out when somepreviously committed subtask has become invalid.A task is represented in the multidatabase by an Interaction execution. An Interaction execution ona multidatabase is a partially-ordered set of atomic global transactions that share some state. The partialorder of the global transactions re
ects the execution dependencies among the global transactions (i.e. placeswhere one global transaction must commit before a second can begin) as well as the order in which the globaltransactions of the Interaction read information in the Interaction variables from each other. The state ofan Interaction is kept in its variables. We assume that the variables are maintained in a \state database",which is a local database used exclusively for multidatabase management information.1.5.1 Interaction StructureThe structure of an Interaction is shown in Figure 1.1. In this �gure, the boxes labeled GT1; � � � ; GTnrepresent global transactions on the multidatabase, each of which is assumed to execute atomically. Thearrows between the boxes represent the execution dependencies among the global transactions; thus, GT1must commit before GT2 begins, but the executions of GTm and GTn can overlap. Each of the di�erentglobal transactions also accesses the Interaction state in some way; these accesses are represented by labeleddashed arrows indicating whether the information is read from or written to the Interaction state, or both.In this Interaction, if GTm writes some information read later by GTn, then GTm would have to precedeGTn in the partial order.We make certain assumptions about the global transactions on the multidatabase in our work. Each globaltransaction consists of a set of global subtransactions, each of which executes on a single local database. Thus,the global transactions span multiple local databases. However, to help ensure that the global transactionsare atomic, no two global subtransactions of the same transaction execute on the same local database. Eachglobal subtransaction begins at the time the global transaction starts executing on the local database, andcommits atomically with its global transaction commit. This is necessary to ensure the atomicity of theglobal transactions, as other transactions on the local database could see partial results if they serializedbetween two subtransactions of the same global transaction.Each global subtransaction is executed as a sequence of steps. Each step accesses information on asingle local database, and derives and logs the information required for replanning and recovery, in addition7



to executing its subtask on the local database. The Interaction is de�ned in terms of these steps. TheInteraction de�nition also speci�es how the steps are grouped into global transactions.1.5.2 FlexibilityInteractions are a 
exible transaction model. Flexibility means that di�erent parts of the Interaction's taskmay be accomplished in alternative ways. The Interaction speci�es how the di�erent alternatives can becombined to accomplish the same task. Interactions are 
exible at the level of global transactions.We recognize a couple of di�erent types of 
exibility. Alternatives provide di�erent global transactionsthat can be run to accomplish the same part of the task. For instance, a plane reservation could be madeon one of several di�erent airlines. A second type of 
exibility is to allow parts of the task to be optional(non-vital). For example, the global transaction to reserve the car might be non-vital, so that if no car isavailable the whole trip will not be aborted.1.5.3 Atomicity, Visibility and Con
ictEach global transaction in an Interaction commits atomically once all of its steps have executed (opennesting). In this sense, Interactions are like Sagas [GS87], in that this commitment makes the e�ects ofthe global transaction on the database visible, to other global transactions and Interactions as well as toindependent transactions on the local databases. As with Sagas, this means that if the Interaction fullyor partially aborts, the committed global transactions must be semantically undone using compensatingtransactions.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. Inour terminology, strong con
ict denotes the con
ict between global transactions that is necessary to preservetheir isolation. Strong con
ict is enforced by the correct de�nition of the global transaction boundaries in theInteraction. Weak con
icts are data stability conditions that should hold for some portion of the Interactionexecution. When a weak con
ict is violated an event is generated (this is similar to raising a signal in anoperating system and having it caught). This causes the Interaction to semantically undo relevant partsof its work, and then try to re-execute the Interaction from the resulting state, possibly choosing di�erentalternatives from the 
exible speci�cation.Weak con
icts are used to specify when a database should notify the planning application so that itcan 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 on themultidatabase as the reservations are made and their e�ects are re
ected in the data itself. Once the plansare complete, the multidatabase has e�ectively promised that certain conditions will hold. If later somechange in the data disturbs these plans (such as the airline canceling the 
ight), the planning task needs toreplan around the problem. Thus, even though the plans are complete, the planning task hangs around \justin case something happens". Once the planned activities are complete, the planning task and its associatedcon
icts can go away.1.5.4 Recovery and ReplanningMost of the work on open nested transactions and recovery deals with recovery due to process, communica-tion, or storage failure (failure recovery). There is work on Sagas [GS87] that applies to Interaction abort.All those methods apply directly to Interactions. However, we expect Interactions to be reactive. Thus, whenan event occurs, we need to support user-initiated requests to undo work that has previously committed.8



When the work done by some global transaction in an Interaction becomes invalid, for instance if someweak con
ict that it set is violated, then all committed work done either by that global transaction or bysome other global transaction in the Interaction that depends on it must be semantically undone. This canbe done by generating compensating transactions for each such global transaction, and executing them ina way that correctly reverses their collective e�ects. Once all of the invalid work has been semanticallyundone, the Interaction can then try to re-execute from the resulting state. Note that, as with other 
exibletransaction models, the re-execution may diverge radically from the original execution.One problem with using compensation for replanning is that e�ects of the invalid global transactions arevisible for some time. Other Interactions or independent transactions may read and/or modify the a�ectedinformation, thus their execution depends on the execution of the invalid global transaction. This problemis described in detail in [KLS90]. During replanning it is important to detect these dependencies, as theinvalidation may or may not need to cascade to the dependent transactions.With Interactions, this cascading occurs via the weak con
icts. Weak con
icts indicate to the multi-database what constraints must hold on speci�c data items for each running Interaction to remain internallyconsistent. We have seen that weak con
icts can be violated by another executing transaction; but they canalso be violated by some compensating transaction during replanning. Thus, if the semantic undoing of someportion of some Interaction violates the internal consistency of some other Interaction, that Interaction willbe noti�ed of the event and enter into its own replanning process.In this work, we di�er radically from earlier work on compensation in that we do not necessarily com-pensate for the invalid global transactions of an Interaction in the inverse of the original execution order.Rather, we attempt to replace invalid work while at the same time leaving intact successive work that is nota�ected by the change. We call this replacement.In our work, we assume that all global transactions that are executed are compensatable. If somestep cannot be compensated for, then the remainder of the Interaction must be run as a single atomicglobal transaction. However, unlike other work in open nested transactions, we allow weaker compensatingtransactions to be attempted if an exact semantic undo of some global transaction fails.1.6 A Layered ArchitectureThe di�erent layers of function required to implement a multidatabase that supports Interactions are shownin Figure 1.6. The multidatabase application runs in the application layer.Just below the application layer is a layer that persistently stores the Interaction itself and its executionstate. This layer is responsible for examining the 
exible Interaction speci�cation and guiding the search to�nd the most acceptable plan. It notes which alternatives were tried and failed, which alternatives succeeded,and which alternatives were never tried. If a weak con
ict is violated, it determines which new alternativesto retry, once the invalid work is identi�ed.The Interaction execution layer and the global transaction layer schedule and execute concurrent sets ofInteractions and global transactions, respectively. The Interaction execution layer is responsible for ensuringthat the Interactions are scheduled correctly. The global transaction execution layer is responsible forensuring that the global transactions are executed atomically.Each local database has its own functions for dealing with global subtransactions and steps that run onitself. The global subtransaction execution layer is responsible for representing the global transaction onthe local database and for taking the place of the local database in any global agreement protocols such astwo-phase commit.Global subtransactions execute queries and updates on the local databases via steps. Steps are de�ned,and their executables persistently stored, in a library associated with the step de�nition and execution layer.Each step de�nition contains commands in the local database's DML to run the functions on the database,and also commands to extract and store information required if the step ever needs to be compensated for.The bottom layer is the local database. It is assumed to be autonomous from the layers above it.9
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Local Database DefinedFigure 1.2: Layers in the multidatabase architecture1.7 ContributionsThis thesis contains two categories of contributions. The �rst category is theoretical, including formalde�nitions for Interaction correctness. The second category includes contributions from the design andimplementation of our prototype multidatabase, Mongrel.The Interaction transaction model di�ers from other transaction models in the following ways:1. Reactivity - the ability to perceive changes in the multidatabase that con
ict with the Interaction'swork, and to modify the Interaction's work to be consistent with the change.2. Flexibility implemented over open nesting - di�erent executions of Interaction could cause di�erentsets of global transactions to be executed.Theoretical contributions that relate to our work on Interactions include the following:1. De�nition of correctness for a reactive open nested transaction execution.2. Scheduling and reactivity algorithms to ensure correct execution.In addition to the above work Interaction correctness also requires the multidatabase to enforce globaltransaction serializability. Theoretical contributions in this area include:1. A characterization of protocols to maintain a consistent global serialization order across all localdatabases.2. A complete theory of global transaction commitability.3. Two new global transaction commit algorithms.The second set of contributions of this thesis comes from my design and implementation of a prototypemultidatabase, Mongrel, that uses Interactions as its basic transaction model. Contributions related toMongrel include the following: 10



1. A procedural approach for accessing information in the local database. The procedures are called steps.2. A de�ned association between steps and compensating steps that allows automatic generation of com-pensating (semantic undo) transactions when needed.The Mongrel multidatabase has a data manipulation language, TaSL, that is used to specify Interactions.TaSL borrows features from block-structured languages, other data manipulation languages, and planninglanguages. TaSL also assumes that it is running on a multidatabase that is accessed using steps, like Mongrel.The combination of features unique to TaSL includes:1. Steps as the basic building block, with control structures de�ning how the steps are executed.2. Database primitives for combining steps into global transactions.3. Flexibility speci�ed in terms of the global transactions, with prioritized alternatives.4. Primitives to specify potential weak con
icts.5. Reactivity primitives to guide backtracking when a task's work is invalidated.1.8 Road MapIn this thesis, we de�ne the basic Interaction model, using the travel agent application as the basic example.We de�ne a language for specifying Interactions in Chapter 3. In Chapter 4, we specify correctness criteriafor Interactions in which no weak con
icts are violated. We also de�ne basic synchronization algorithmsfor enforcing correctness. In Chapter 6 we introduce the basic tools that are used to make Interactionsreactive. This includes expanding the correctness de�nition to include the correctness of Interactions thathave had weak con
icts violated. We also de�ne the events that can indicate weak con
ict violation tothe Interaction, and give replanning algorithms that conform to the speci�ed notion of correctness. InChapter 5 we discuss new techniques for enforcing global transaction atomicity, which is a prerequisite forcorrect Interaction synchronization. In Chapter 7, we describe the basic design of the system that we builtto manage Interactions.
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Chapter 2Related ResearchIn 1986, Gligor and Popescu-Zeletin [GP86] wrote a paper on concurrency control issues in multidatabasesystems. They outlined a set of requirements on local databases in a multidatabase so that atomic transac-tions on the multidatabase could be supported. Since then, many interesting developments have occurred inthe area of transaction models for multidatabases. Many of these are summarized in [BGS92].In this chapter, we discuss other research that is related to our work on Interactions. We divide the workon histories and correctness into three sections: one to discuss serializability in multidatabase transactions,one to discuss issues of relaxing serializability slightly so that it is easier to enforce in a multidatabase, andone to discuss multilevel and open nested models for multidatabase transactions. Also, since weak con
ictsare related to active databases, we give a brief summary of the active database research. We also summarizework on compensation and recovery. Finally, we summarize some relevant work done on Arti�cial Intelligenceplanners.2.1 Serializable Multidatabase TransactionsThe serializability of global transactions in the multidatabase is a prerequisite for correct Interaction execu-tion. Our de�nition for Interaction correctness relies not only on the atomicity of the di�erent Interactions'global transactions, but also on being able to enforce consistency between the order in which each Inter-action de�nes its global transactions and the order in which those global transactions are serialized in themultidatabase.Given that each global transaction only has at most one global subtransaction per local database in amultidatabase, two conditions must be maintained to ensure global transaction serializability. One is thatthe local databases all serialize their global subtransactions in an order consistent with some general globaltransaction serialization order. The second is that an atomic commit protocol such as a two-phase commitis used when committing each global transaction.Early e�orts to provide a global transaction model for multidatabases generally limited the global (andpossibly local) transactions' access to the information in the database. For instance, Multibase [SBD+81]only allowed the global transactions read access to the information in the multidatabase.In [BS88], Breitbart and Silberschatz examined issues in allowing multidatabase updates. They proposedan algorithm based on site graphs that ensures that no two concurrent global transactions access more thanone database in common. However, this method allows a very low degree of concurrency among the globaltransactions. In [EH88], Elmagarmid and Helal restricted the global transactions so that the set of databasesread from and the set of databases written to by a single global transaction had an intersection of at mostone local database. Later schemes [BST90] partitioned the information into locally- and globally-updateableinformation, and restricted access accordingly. This idea also plays a part in [MRKS91] and [MRB+92a].More recent approaches rely on two protocols; one to ensure that the global transactions' subtransactionsserialize consistently on the local databases, and the other to simulate a two-phase commit. This approachis also the one we take. We survey this work because any of these approaches can be used when buildinga system that uses Interactions as its transaction model. The work surveyed here is all recent, and for themost part was done in parallel with the global transaction serializability work presented in this thesis.12
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ow problem. Global transaction G1 has subtransactions G11 and G21.Global transaction G2 has subtransactions G22 and G12. Time increases as you read down.2.1.1 Enforcing a Global Serialization OrderIn a multidatabase, any two global transactions are serializable only if they do not read information fromeach other. However, because the local databases are autonomous, and can run transactions independentlyof the multidatabase, determining whether or not a global transaction reads from another can become verydi�cult. Consider the example in Figure 2.1. In this �gure, G11 and G12 do not con
ict at all if they areexecuted with no interfering local transactions. However, the concurrent execution of local transactions L11and L21 means the multidatabase history is not serializable. In fact, it can be shown by induction that, givena su�cient number of data items in the database, two global transactions whose executions are separatedby an arbitrary amount of time can still have their serialization orders opposite to their execution orders.The trick with enforcing a global serialization order is to ensure that the local databases all serializeglobal subtransactions in an order consistent with some global transaction serialization order. In otherwords, each local serialization order must be consistent with the global serialization order. The globaltransaction manager must either prevent inconsistencies from occurring, or abort global transactions wheninconsistencies have occurred. There are a variety of schemes that have been proposed for this, each ofwhich has a rough analogue in the realm of concurrency control in a single local database. These schemesare described below, and are summarized in Table 2.1.2.1.1.1 Pessimistic SchemesBreitbart et al. [BGRS91] de�ne a desirable property for local databases called analogous execution andserialization order, which basically means that the serialization order of a database can be derived from theorder in which the transactions execute. This is not always true, though it is true for the local databases thatenforce strong recoverability. A strongly recoverable schedule is one in which for any pair of transactionsTi and Tj with con
icting operations opi(x) and opj(x), the commit of Ti precedes the commit of Tj.In [Raz92a, Raz92b], Raz refers to this property as commitment ordering.In a multidatabase, if each local database guarantees strong recoverability (or, equivalently, commitmentordering), then the global transaction manager can derive and/or control the serialization order based onthe order in which the global transactions execute their subtransactions on the local databases. If the globaltransaction commit is atomic, then the resulting multidatabase schedule will also be strongly recoverable.A commonly-used property of local databases that generates a subset of the strongly recoverable schedulesis rigorousness (also called strong-strict in [Raz92a]). A rigorous execution has the property that no local dataitem can be read or written until the previous transaction that read or wrote that data item has committed.Rigorousness can be guaranteed within a two-phase lock framework by not allowing a transaction to releaseany lock (read or write) until it commits. 13



If all of the local databases in a multidatabase use rigorous concurrency control schemes, then enforcingthe atomicity of global transactions can be done simply by ensuring that they commit atomically. The globalserialization order is then the global transaction commit order. The atomicity of the commit process ensuresthat the order is consistent across the di�erent local databases. This observation was also made by Soparkaret al. [SKS91a]. However, if we relax the requirement on the local databases to strictness (which allowsread locks to be released before transaction commit), then they no longer have analogous execution andserialization order. An example non-serializable multidatabase history where the local histories are strict isgiven in [BGRS91].Pessimistic schemes require the local databases in the multidatabase to all be strongly recoverable. Thisis a subset of the types of local databases we allow when using the serialization order approaches in ourprototype implementation, which are merely required to be serializable. However, the pessimistic schemesare easier to implement than our schemes.2.1.1.2 Conservative SchemesConservative schemes require that all local transactions and global subtransactions in a multidatabase declarewhat information in the database they will access at the time they begin. Using this information, boththe ROLL scheme used in Hydro [PRR91] and Mehrotra et al.'s O-schemes [MRB+92b] generate a globalserialization order that allows for maximal concurrency in the multidatabase, i.e. one that accepts allserializable multidatabase histories.Hydro [PRR91] uses request-ordered linked lists (ROLLs) to determine when a global transaction canexecute. Each entry in the ROLL consists of a bit vector, with each bit representing some resource in themultidatabase. Each bit vector represents a resource request for a speci�c local or global transaction, and isplaced at the end of the ROLL at the time the transaction begins. Periodically the transaction's bit vectoris compared to the ones that precede it in the ROLL, and the transaction is allowed to proceed once no suchbit vector indicates a request for any resource that it wants. Once the transaction runs to completion, itsentry can be removed from the ROLL.Mehrotra et al. [MRB+92b] provide a framework for de�ning conservative global concurrency controlschemes for multidatabases. In this context, they also de�ne several di�erent schemes that generate globalserialization orders consistent with the global transaction begin order. They call these BT-schemes. Theyalso de�ne an instance of an O-scheme that allows all global serializable multidatabase schedules. TheirO-scheme works by processing not only the begin operations of each transaction, but also their serializationpoint operations. Because of this, they can minimize the restrictions added to the schedule at each point,and allow for more concurrency among the global transactions.While conservative schemes seem to be able to provide a lot of concurrency, and have the additionaladvantage that they do not ever abort global transactions, they do have the disadvantage that each globaland local transaction must be able to determine and report its resource requirements at the time it begins.This may not be feasible in environments where the global transactions are open-ended. This situation mayoccur in our environment, if we allow plans to be speci�ed interactively. Also, if the local databases donot normally require the predeclaration of resource requirements, this may place an undue burden on theprogrammers of the transactions that run only on the local databases. We believe that the conservativeschemes are impractical for the class of planning applications that we examine in this thesis. Therefore, wehave not really considered the conservative schemes.2.1.1.3 Con
ict-Based SchemesAll of the multidatabase work to date assumes that the local databases enforce con
ict serializability, Becauseof this assumption, we know that the serialization order generated by a local database is determined mainlyby the order in which con
icts are resolved. In the con
ict- based schemes, the multidatabase uses thisknowledge to push all global con
icts down into the local databases, and to allow the local databasesto resolve those con
icts as needed. If the local databases do their job, the global serialization order ismaintained.The simplest con
ict-based scheme is forced local con
ict [GRS91]. With forced local con
ict, each localdatabase maintains a separate data item, called the \ticket", for use by the multidatabase. The multidatabaseensures that the tickets in the local database for the di�erent global transactions all be written in the global14



serialization order. If some local database has resolved another con
ict between two local databases insome di�erent order, this shows up in the local database as a non-serializable execution, and is detectedor prevented by the local concurrency control manager. For example, if the local database uses two-phaselocking, either the taking of the ticket or the execution of the con
icting write operation results in a deadlock,which can be detected locally by the local deadlock detection scheme.[GRS93] describes various schemes for using forced local con
ict. One is based on an optimistic approachof taking tickets when needed and validating at global transaction commit time. They do assume thatthe local databases support a visible prepared state for two-phase commit, as well as producing a locallyserializable schedule. Their conservative method controls the order in which the global transactions take aticket. This paper also de�nes the best times to take tickets based on di�erent concurrency control schemes,and when tickets do not need to be taken (they are implicit). Much of the work in this paper is similar toour (parallel) results on global transaction serialization points from [Nod91] described later in this thesis.Forced local con
ict is really an elegant solution in and of itself to the multidatabase concurrency controlproblem. Not only does it use the local database concurrency control mechanisms to resolve any globalserialization order problems, but it also allows the multidatabase to enforce di�erent global serializationorders by when during the global transaction execution its subtransactions get their tickets. For example,if the multidatabase orders the global transactions in their commit order, then the tickets are taken duringthe global transaction commit process, just before the subtransactions commit in the local database.Forced local con
ict can also be used to �ll in weaknesses in some of the other schemes. For example,Mehrotra et al. [MRB+92b] use forced local con
ict in their schemes with local databases where the seri-alization point is not externally detectable (e.g. in local databases that use serialization graph testing astheir concurrency control mechanism). The forced local con
ict restricts the histories accepted by the localdatabase to those that serialize the global subtransactions correctly. We also take this approach in our workon enforcing global serialization order.A di�erent set of con
ict-based schemes can be developed based on the correctness criteria describedin [ZE93a, ZE93b]. Unlike forced local con
ict, the con
ict-serializable, sharing-serializable, and hybrid-serializable schedules generated by these schemes do not require the modi�cation of the local databaseschemas to add a ticket. Thus, with respect to maintaining a global serialization order, these schemes allowthe local databases to remain fully autonomous.In this work, two transactions \share" if one transaction accesses a superset of the data items the secondtransaction accesses. A set of transactions that share can be forced to serialize in order of increasing (ordecreasing) number of variables they access. Two transactions \con
ict" if they access the same dataitem and one of them is a write operation. Con
icting transactions serialize in the execution order oftheir con
icting operations. Hybrid serializability combines the two notions, and de�nes the most generalscheme to generate a global serialization order that also preserves the local database autonomy. It does,however, require that the read- and write- sets for each global transaction be deduced. Also, a schedulerto generate hybrid serializable global transactions may generate extra read and/or write operations on thelocal databases in certain situations where natural sharing or con
icting relationships do not exist betweentwo global transactions.Zhang also presents a strictly con
ict-based scheme where each global subtransaction reads one data itemthat the previous global subtransaction in the global serialization order wrote. This scheme does not requiremodifying the local database schemas to insert a ticket for the multidatabase. It also eliminates the problemof high contention for the ticket.Con
ict-based schemes are the most generally useful of the schemes we have discussed so far. In ourwork, we use con
icts to enforce global serialization order on certain problematic types of local databases,such as those that use serialization graph testing as their basic concurrency control mechanism.2.1.1.4 Optimistic Schemes with Certi�ersIn the optimistic schemes, the multidatabase places no control over the order in which the local databasesare allowed to execute their global subtransactions. At the time a global transaction commits, it requestsfrom the local database a speci�cation of the order in which the global subtransactions were serialized. Thecommit process checks these orders for consistency, and aborts any global transaction in which the globalsubtransactions were ordered inconsistently. 15



In his Superdatabases work [Pu88], Pu takes an optimistic approach to providing serializable globaltransactions. He requires each local database to provide the serialization order of its transactions to theglobal transaction manager. The global transaction manager uses these orders (O-vectors) to compose thelocal transactions into global transactions, and at the same time determine if any of the global transactionsdo not serialize. This is noted by an inconsistency in the orders of the global subtransactions in the di�erentO-vectors. Since Pu commits a global transaction only if its subtransactions follow those of older globaltransactions, his scheme certi�es the global transactions in an order consistent with their begin order.It is also possible to have a certi�cation scheme that certi�es global transactions in an order consistentwith their commit order. In this scheme, again the O-vectors are checked at transaction commit time. Theglobal transaction commit succeeds only if its global subtransactions do not precede any committed globalsubtransaction in any O-vector.Certi�cation schemes require the ability to generate the O-vectors for every local database in the mul-tidatabase. The O-vectors can be deduced for many di�erent local database concurrency control methods,including the two-phase-locking (2PL) databases and the timestamp ordering (TO) databases. However,some local database concurrency control schemes, notably those that use serialization graph testing (SGT),provide no convenient way of deducing the O-vectors. In this case, the local databases must be modi�ed tomake that information available to the multidatabase. An alternative in this case would be to use forcedlocal con
icts in this type of local database, and make the O-vector be ordered in the order the con
ictingoperations are issued.In [GRS93], Georgakopoulos et al. provide a scheme that does not deduce the serialization order atthe local database, but rather forces con
icts and reports the serialization order as the order of the forcedcon
ict. This they call the Optimistic Ticket Method. When a global transaction is ready to enter theprepared state, the global transaction manager compares the di�erent local serialization orders to ensurethat it is serialized correctly. If not, the global transaction is aborted.[SKS92] provides a distributed optimistic scheme to ensure that a consistent global serialization orderbased on a potentially distributed global transaction manager. In this scheme, the piece of the global transac-tion manager that is responsible for coordinating a speci�c global transaction synchronizes the local databasesvia a basic agreement protocol. When the global transaction reaches its synchronization point, its globaltransaction manager enters into an agreement protocol. It coordinates with the other global transactionmanagers that ran parts of the global transactions. The protocol concludes once all of those global trans-actions agree that the global transaction was serialized in the correct order. Global serializability is provenbased on the fact that no two global transactions that con
ict locally can be in the synchronization processat the same time, and also based on the (Lamport-style) happens-before ordering of the synchronizationmessages.[SKS92] also characterizes the set of local databases that can be e�ectively synchronized as those that havea natural synchronization interval (serialization point) that occurs during the active execution of the globaltransaction. Here, the natural synchronization interval would encompass the operations that determinethe synchronization order in the local databases, e.g. getting the timestamp in a timestamp-ordered localdatabase.Certi�cation schemes for enforcing a consistent global serialization order have similar advantages anddisadvantages to certi�cation schemes used in the local databases themselves. The major disadvantageis that global transactions will abort more of the multidatabase uses a certi�cation scheme. The extraaborts occur because the multidatabase uses global transaction aborts as the basic tool for eliminatinginconsistencies. We believe that in a multidatabase environment, it is better to delay a global transactionthan to abort it. Therefore, we have not thus far used certi�cation schemes in our prototype multidatabase.2.1.1.5 SummaryThe strategies for enforcing a consistent serialization order for global transactions in a multidatabase parallelthe di�erent concurrency control strategies that are used in regular databases. This is not surprising, giventhat the concurrency control in a regular database tries to order con
icting operations on data items suchthat the transactions access each such data item in a consistent order. This ultimatelymakes the transactionsserializable. A multidatabase similarly tries to order con
icting global subtransactions on local databasessuch that the global transactions access the local databases in a consistent order. This helps ensure that the16



Concurrency Control Serialization Corresponding Restric-Mechanism Point Multidatabase Mechanism tionsSerialization Graph Data Con
ict Site Graph Testing [BS88]TestingTwo-Phase Lock Last Lock Forced Local Con
ict [GRS91] Ito Commit (Get ticket after last lock.)Timestamp Order Begin Forced Local Con
ict [GRS91] I(Get ticket with transaction begin.)Rigorous 2PL Commit Strict 2PL/2PC Schemes [SKS91b] R(Rigorous 2PL local databases only)Rigorous multidatabases [BGRS91] RCommitment Order Commit Multiple Resource CO [Raz92b] R(CO local databases only)Conservative SGT Data Con
ict Request-Order Linked List [PRR91] CO-schemes [MRB+92b] CConservative 2PL CommitConservative TO Begin BT-schemes [MRB+92b] CSGT Certi�er Data Con
ict Optimistic Ticket Method [GRS93] I2PL Certi�er CommitTO Certi�er Begin Superdatabases [Pu88] A(Committed GT follows older GTs.)Table 2.1: Comparison of single database concurrency control schemes to multidatabase concurrency controlschemes. In the restrictions, I means the scheme requires additional information in the local databases.A means the scheme requires that control or execution autonomy be violated in the local databases. Rrestricts the local database concurrency control mechanism further than just supporting ACID transactions.C implies that all global transactions must predeclare their resource usage.global transactions are serializable in the multidatabase.A multidatabase can serialize global transactions in the order they begin, in the order they end, or inthe order their con
icting operations execute. Similarly, local database concurrency control schemes canserialize the local database transactions in begin, commit, or con
icting operation execution order. Becauseof the autonomy of local databases, however, it is necessary to avoid schemes analogous to serialization graphtesting, where the serialization point can occur outside of the lifetime of the transaction.Table 2.1 provides a summary of the di�erent multidatabase concurrency control strategies and theirserialization points. The �rst column lists di�erent single database concurrency control schemes. Theirrespective serialization points are listed in the second column. In the third column we list analogous multi-database concurrency control schemes. For instance, site graph testing [BS88] uses a graph approach similarto a serialization graph, and delays submission if a cycle is found in the site graph. Column four summarizesthe restrictions imposed by the multidatabase concurrency control scheme on the local databases and thetransactions they run.2.1.2 Multidatabase Atomic Commit AlgorithmsSupporting atomic commitment in multidatabases is di�cult because of the necessity to maintain localdatabase autonomy. This means, for instance, that the multidatabase cannot ensure that the local databasessupport a prepared state for a two-phase commit, or any of the functions required to implement otheragreement protocols for commit. In the general case, this means that atomic commitment of certain typesof global transactions is not possible [MKS92]. In the global transaction commit work in this thesis, we givea simple characterization of when global transactions can and cannot atomically commit. We also give ageneral framework for atomic and semantically atomic commitment. All of the algorithms described in thissection �t into our general commit framework.Most of the work on supporting atomic commitment in multidatabases is done by providing a simulated17



Scheme Local Commit Global Decision ParadigmBefore BeforeGlobal Decision Local Commit(Requires Undo) (Requires Redo)2PC Agent [WV90] p LDB blockingrigorous LDBsfull atomicityHydro [PRR91] p LDB Blockingfull atomicityOptimistic Commit p strati�cationProtocol [LKS91a] semantic atomicityMehrotra et al. read-only update data partitioning[MRB+92a] subtransactions subtransactions rigorous MDBfull atomicityNon-blocking compensatable retriable allows a pivotcommit [MRKS92] subtransactions subtransactions semantic atomicityTable 2.2: Summary of multidatabase global commit strategies.prepared state for a two-phase commit. Muth and Rakow [MR91] analyzed in detail the requirements forproviding a simulated prepared state. They divided up the schemes for doing this into two categories: (1)local commitment after global decision and (2) local commitment before global decision. In both of theseschemes, Muth and Rakow assume that each local database has some type of agent to act on its behalfin the two-phase commit. It is this agent that participates in the voting process. The local commitmentafter global decision schemes do not commit the global subtransactions in the local database until after themultidatabase has taken a vote and made a decision to commit or abort the global transaction. Here, thedanger is that some global subtransaction may abort, so there is a requirement to be able to redo any suchglobal subtransaction without causing a violation of the global serialization order. The local commitmentbefore global decision schemes commit the subtransactions in the local database as the local databases votein the two-phase commit (2PC) protocol. With this scheme, the danger is that the decision may be to abort,in which case the global subtransaction needs to be semantically undone. In this situation, the local databasemust serialize the transaction that does the semantic undo immediately after the global subtransaction toguarantee full atomicity. This is because any transaction that must serialize between the two sees the e�ectsof the aborted global transaction.Several di�erent commit strategies for global transactions have been proposed. They are summarized inTable 2.2.Systems which use the global decision before local commit strategy include the 2PC Agent method [WV90],Hydro [PRR91], and the optimistic commit protocol [LKS91a]. In the 2PC Agent Method [WV90] of Wolskiand Viejalainen, a 2PC Agent associated with each local database acts for the local database as a participantin the two-phase commit protocol. The 2PC Agent keeps a log so that it can redo any global subtransactionthat was in the prepared state at the time of a failure or database-induced abort. This method assumes thatlocal transactions do not update objects read or written by global subtransactions (they call this restrictionDLU for \Denied Local Updates"). They also assume the local databases use strict 2PL, so their schedulerproduces strict global schedules. [GRS93] gives a counterexample to show that local strictness may not besu�cient to ensure global serializability, and that the local databases in fact must produce rigorous schedules.This counterexample is based on the fact that strictness allows read-locks to be released early. However, ifthe local databases are further restricted to be rigorous, the 2PC Agent Method is correct.Hydro [PRR91] enforces the property that the semantic undo must serialize immediately after the originaltransaction by preventing any transaction on the local database from committing during the time betweenwhen the global subtransaction commits and the time the decision for the global transaction is reached. Ifthe global transaction aborts, then one or more of the transactions that has been active during the decisionphase may need to abort in order for the semantic undo to be correct. This e�ectively does the same thingas the denied local updates in [WV90] in that it gets rid of con
icts with the original (and compensating)18



global transaction. However, it does this by aborting local transactions rather than denying their updates.In other words, this scheme violates control autonomy rather than execution autonomy.Levy et al. [LKS91a] also use a local commit before global decision strategy in their optimistic commitprotocol. This protocol enforces a weaker notion of atomicity, semantic atomicity, where a transactionmay see the e�ects of an aborted global transaction before it is undone. It also assumes persistence ofcompensation [KLS90], which states that a compensating transaction is never allowed to abort.Optimistic two-phase commit allows global subtransactions to release their locks (i.e., commit) oncethey have received the \prepare" message and decided to reply with a \yes". The \prepare" message isnever sent until all global subtransactions have completed their processing. However, since compensatingsubtransactions are initiated automatically and run independently, they need not coordinate their commitwith a two-phase commit protocol. Rather, they commit as soon as their work is complete. Becausethe resulting compensating transactions may not necessarily be two-phase locked, the global scheduler isaugmented to ensure that the global subtransactions and compensating subtransactions all conform to astrati�cation property. That is, the global scheduler guarantees that no global transaction accesses botha site where some other global transaction Ta is locally committed and a di�erent site where Ta is locallyundone. Optimistic two-phase commit was a restriction based on a generalized theory of atomic commitmentde�ned in [LKS91b].Mehrotra et al. [MRB+92a] propose an interesting variant on the above global decision before/after localcommit protocols. They observe that the local commit point can vary with respect to the global commitpoint even within a single invocation of a global transaction commit. If a global subtransaction is read-only,it can be committed/aborted at the time the local database votes in the two-phase commit. Otherwise,it is not committed until the global decision is made. For a read-only global subtransaction, the semanticundo is a no-op, so it is very easy to satisfy its requirements for the local commit before global commit.For the global subtransactions that have write operations, the redo consists only of the write operations ofthe original global subtransaction. To ensure that a consistent global serialization order is maintained, eachlocal database schedule is restricted in which types of transactions can access which data, and the order inwhich those operations can be scheduled. Speci�cally, if a global subtransaction accesses any data item thatcan be read or written by any local transaction, then it can only write to data items that can be neither readnor written by other local transactions. Also, the local schedule must be strongly recoverable (or, almostequivalently, commitment-ordered) and the projection of the global subtransactions from the local databaseschedule must commit write operations only after any other, earlier read operations by other transactions,and can only schedule read operations after the operations that previously wrote those variables have allcommitted.Mehrotra et al. also propose a weaker commit protocol in [MRKS92]. This protocol guarantees onlysemantic atomicity. It assumes that subtransactions of a global transaction are independent. The subtrans-actions are divided into three categories: those that can always be compensated for (compensatable), thosethat will always eventually succeed if retried enough times (retriable), and at most one that falls in neithercategory (the pivot). Commitment proceeds by �rst committing all of the compensatable transactions. Ifone aborts, these all can then be compensated for. The �nal, irrevocable decision is really made by thepivot. It is committed next. If the pivot commits, then all of the retriable transactions commit as well. Ifa retriable commit fails, it is retried until it eventually succeeds. This commit protocol has the advantagethat it requires few restrictions on the local database (it has to acknowledge when the commit or abort com-pletes) and it is non-blocking. Some of these ideas form a basis for our work on global transaction commitin Section 5.2.4.Finally, a general taxonomy and uni�ed approach to atomic commit done by Elmagarmid and Mullenis found in [EM93]. This work has some similarity to our work on atomic and semantically atomic globaltransaction commits. It draws similar conclusions. However, this work uses a di�erent method for classifyingthe di�erent subtransactions in a global transaction, based on the subtransaction's semantics. Our classi�-cations of subtransactions are based on a static syntactic analysis. Also, our classi�cations are much simpler(4 classes in our work as opposed to 9 in Mullen's work). We also �nd that our graph-theoretic approach issimpler and cleaner than his work. 19



2.2 Nearly Serializable Multidatabase TransactionsTwo approaches have been proposed that relax serializability a bit in ways that are easier to enforcein a multidatabase. Both models assume that the local database executions are serializable. Quasi-serializability [DE89, DEK91], also called multidatabase serializability [Bar90], states that the global trans-actions must be run in such a way that no two transactions executing on the same local database runconcurrently. This means that the projection of the global transactions from the multidatabase's historyis serializable assuming that any two transactions running on the same local database con
ict at all times.Quasi-serializability preserves database consistency if the executions of each global transaction on the di�er-ent sites are completely independent, and if replication is the only integrity constraint allowed [MRKS91].Two-level serializability [MRKS91] di�ers from quasi-serializability in that its con
ict model at the globallevel is that two transactions con
ict on speci�c data items. Thus, two-level serializability is more generalthan quasi-serializability. In a two-level serializable multidatabase, data consistency is enforced using di�er-ent combinations of three paradigms:1. Partitioning the multidatabase into local and global data items, and controlling which types of trans-actions can access items in which partition, and how.2. Constraining the types of integrity constraints that are enforced between the di�erent data items.3. Not allowing value dependencies between the executions of di�erent parts of a global transaction ondi�erent local databases.4. Controlling the structure of the global transactions, for instance disallowing loops and conditionalstatements.The Interaction model described in this thesis also is a non-serializable model, but it uses a di�erenttactic to relax serializability from that used in quasi-serializability and two-level serializability. Interactionsuse global transaction serializability as a fundamental building block. Quasi-serializability and two-levelserializability make the assumption that global transaction serializability cannot easily be enforced, andtherefore weaken the correctness criterion to something that is easy to enforce in a multidatabase.2.3 Advanced Transaction ModelsAdvanced transaction models are being developed that violate one or more of the ACID properties1 , usuallyby making their e�ects visible before they commit. Usually this relaxation is coupled with other techniquesthat allow transactions to maintain some relaxed notion of correctness. This section describes some di�erentadvanced transaction models that relate to the work presented in this thesis.2.3.1 SagasGarcia-Molina et al. propose Sagas [GS87] as a long-lived transaction model. Sagas are long (non-atomic)transactions that are broken up into a sequence of shorter, atomic transactions. Sagas are basically a two-level restriction of multilevel transactions (see section 2.3.5). The lower (transaction) level de�nes atomicityas the correctness criterion for transactions. The con
ict relationship enforced there is serializability. Atthe upper (Saga) level the con
ict relation is empty, meaning that concurrent Sagas can interleave theirtransactions arbitrarily.Nested Sagas are de�ned as well, [GGK+90, GGK+91] but since multidatabases are inherently two-level,this work does not necessarily apply to Interactions. Nested sagas also extend the transaction model toprovide for more 
exible transaction de�nitions, including adding provisions for alternative ways of accom-plishing some operations, and allowing non-vital operations.Sagas relate to this work in that we use the same approach of dividing up a long task into a related setof shorter, atomic subtasks (open nesting). Interactions, however, assume that more complex relationshipscan exist between the atomic subtasks. Also, Sagas have no weaker notion of con
ict as Interactions have.Nonetheless, we consider Sagas to be an important predecessor of our work.1Atomicity, Consistency, Isolation, Durability 20



2.3.2 ACTAACTA [CR90, CR91b] is not a transaction model, but rather it is a framework for characterizing the structureand behavior of existing advanced transaction models, and for allowing a relative comparison between themwith respect to concurrency, concurrency control, and recovery. The ACTA framework characterizes di�erenttransaction models by de�ning how subtransactions depend on each other, and how subtransactions areallowed to a�ect objects in a database.In ACTA, how subtransactions can a�ect each other given a speci�c advanced transaction model ischaracterized by a notion of dependencies. For example, a commit dependency between two subtransactionsTa and Tb means that the transaction model requires Ta to commit before Tb. A commit dependencywould occur in a Commit Ordered database [Raz92a] if Ta con
icts with Tb, and Ta's con
icting operationpreceded that of Tb. Similarly, an abort dependency between two subtransactions Tc and Td means that inthis transaction model, if Tc aborts then Td must abort as well. ACTA de�nes several other di�erent typesof dependencies that can develop between di�erent subtransactions in di�erent transaction models.ACTA also can characterize how subtransactions are allowed to a�ect objects in a database, and morespeci�cally when a subtransaction's e�ects become visible and/or overwriteable to other subtransactions inthat database.ACTA has been used to characterize many of the di�erent transaction models. For example, Sagas arecharacterized in the ACTA framework in [CR91a]. While we have not attempted to use ACTA to characterizeInteractions, we suspect that ACTA is not yet comprehensive enough for this characterization to succeed. Forexample, the dependency system de�ned in ACTA cannot be used to represent weak con
icts and reactivityeasily.2.3.3 Flex TransactionsFlex transactions [ELLR90, Leu91, LEB92] were developed with the premise that often in advanced applica-tions, parts of a given transaction could be accomplished in one or more functionally equivalent ways. Thus,if we allow functional replication, or the ability to specify more than one way to accomplish some part ofa transaction's task, then we can have a more failure-resilient transaction model. In our example, gettinga United 
ight or a TWA 
ight for some trip on some day would be two functionally equivalent ways ofmaking a plane reservation. The model is resilient to failures in that, if a United reservation cannot be made,then a TWA reservation will su�ce in its place. A rigid transaction model would have to abort the overalltransaction at that point.A Flex transaction is de�ned as a set of subtransactions, some of which may be functionally equivalent,and a set of ACTA-like dependencies among those subtransactions. The dependencies occur among both thenormal subtransactions and the compensating subtransactions. These dependencies de�ne which subtrans-actions are actually executed in a Flex transaction, and in what order. Note also that, since a subtransactionmay fail to accomplish its goal and a functionally equivalent subtransaction may be tried as a consequence,the execution of a Flex transaction also depends on the state of the underlying databases.The Flex transaction work includes some interesting observations as well. For example, having a 
exibletransaction model implies the need to have some form of compensation to be used when two functionallyequivalent steps executed concurrently both succeed. If steps cannot be compensated for, they vary howthey execute the overall transaction.Flex transactions di�er from Interactions in that they support 
exibility within the context of a singleglobal transaction. This global transaction is viewed as being atomic, although their work also supports thenotion of using a semantically atomic commit protocol.Flex transactions were implemented within the InterBase system [BCEP93]. They also have been imple-mented and used to support multi-system telecommunication applications [ANRS92].2.3.4 ConTractsIn [WR91], Waechter and Reuter describe a database transaction model called the ConTract Model. Con-Tracts are very similar in structure to Interactions. ConTracts are scripts of steps. The steps are manuallymapped into transactions on a database (as in our atomic blocks).21



ConTracts use exit invariants, which are similar to weak con
icts. Exit invariants are associated withsteps in the ConTract, and are concerned that certain conditions be maintained in the database for thesuccess of later steps in the ConTract. Thus, a step revalidates the invariance of a piece of informationaccording to a previous step's exit invariant. Weak con
icts di�er from exit invariants in that they concernthemselves with conditions that must be maintained in the multidatabase until an Interaction commitsregardless of whether or not that information is later used by that Interaction. Thus, weak con
icts aredetected as they occur. Also, ConTracts assume that an exit invariant is enforced either by preventing thecon
icting operation (the one that causes the exit invariant to be violated), or by adjusting the data. Weakcon
icts cause the Interaction that set up the con
ict to be rolled back.Although the ConTract work is similar to Interactions on the surface, it is proposed for use as thetransaction manager in a single, possibly distributed, database. They require several special primitives inthe underlying database and operating system to support the correct execution of the ConTracts on thedatabase. For instance, they use special \existence locks" on objects to ensure that an object required by acompensating transaction is not deleted before a ConTract commits.2.3.5 Multilevel (and Open Nested) TransactionsIn a multilevel system, operations are nested, and each operation is de�ned as a sequence of atomic operationsat the next level down. For example, a banking transaction initiated at level 2 (the top level) may be de�nedas some level 1 sequence of atomic inquire, deposit, and withdraw operations. The inquire, deposit, andwithdraw operations are themselves de�ned in terms of level 0 atomic operations read and write. In amultilevel transaction model, the level structure is enforced rigidly by the internal call structure of theoperations at the di�erent levels { in the example level 2 operations always call level 1 operations, and level1 operations always call level 0 operations. Con
ict and correctness is de�ned between each pair of adjacentlevels.Weikumand Schek [Wei91,WS91a, WS91b] propose a formal de�nition for multilevel transactions, thoughnot applied to multidatabases. They address issues of concurrency control and recovery. For correctness ofmultilevel transactions, they de�ne multilevel serializability. In a correct multilevel execution, an operationat some level i is isolated at that level because it executes an atomic sequence of level (i-1) operations. Amultilevel execution that is serializable has each set of the level i operations executed serializably by level(i-1). It is easy to see that standard transactions are a one-level restriction of multilevel transactions, wherea transaction can only specify read and write operations. With this restriction, multilevel serializability isequivalent to con
ict serializability [BHG87].Multilevel transactions have been implemented as a part of the DASDBS prototype [Wei91, SPSW90].Weikum and Schek do brie
y explore modeling multidatabase transactions as two-level multilevel trans-actions. Their solution requires that the global concurrency control manager in the multidatabase maintaina notion of con
ict among all of the transactions on the local databases, including both the global subtrans-actions and the independent transactions. However, this is not feasible in a multidatabase environment thattries to guarantee the autonomy of the local databases. This is because the restriction to a level-orientedtransaction structure is incompatible with allowing local databases to run transactions independent from themultidatabase.In [WS91a, WS91b], Weikum and Schek also de�ne open nested transactions as an extension of mul-tilevel transactions, though they do not attempt themselves to formally characterize correctness in opennested transactions. Figure 2.2 gives an example to illustrate the di�erence between an open nested trans-action structure and a multilevel transaction structure. Figure 2.2(a) shows a multilevel transaction system.Figure 2.2(b) shows an equivalent execution that is not multilevel, but is open nested. T3 calls the readoperation at level 0 directly. Weikum and Schek note that open nested transactions still maintain thenested structure, but do not enforce the level structure rigidly; thus, operations at a speci�c level may calloperations at any level below it. By similar reasoning, a user can call operations at any level. Thus, thisstructure is more useful in the context of multidatabases with autonomous local databases. They concludethat con
ict and correctness are harder to de�ne in open nested transactions because they do not adhere tothe level restriction, thus you cannot localize the con
ict speci�cations to adjacent levels.22
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Figure 2.2: (a) a multilevel transaction system; (b) an equivalent open nested system that is not multilevel.2.4 Active DatabasesActive databases enforce long-term constraints on information in a database that are speci�ed independentlyof the transactions actually run by the users of the database. As di�erent transactions are run on an activedatabase, the database itself monitors the changes made by each transaction to ensure that no constraintsare violated. If some constraint is violated, then the database itself initiates some action to rectify theinformation in the database so that the constraint once again holds.Examples of active databases include Cactis [HK86] and HiPAC [DBC+88]. Dayal et al. [DHL90] devel-oped the event-condition-action (ECA) rules as a part of their active database work. ECA rules were themodel we originally used when determining how to specify a weak con
ict.Recently, work has also been done by Buchmann et al. [B�OH+91] on active multidatabases.Interactions resemble active databases in that they monitor the multidatabase for speci�c changes in thevalues of data items, and react to those changes. However, their response to the change is not to directlyrectify the information in the multidatabase to make it consistent in some prede�ned sense, but rather torectify the execution of the a�ected Interactions so that they remain internally consistent. That is, theresponse to a weak con
ict violation is limited to partially or fully undoing an Interaction, and then possiblyre-executing the Interaction again. Consequently, the lifetime of a weak con
ict is bounded by the lifetime ofthe Interaction that set it. Interactions also use change in the database to pace their execution; for example,to ensure that a traveler has actually completed his trip before committing.While reactive tasks can be supported by active databases, we view this process as conceptually di�erentthan activating the database. In particular, our requirements state that if a condition is violated, thetask reacts to restore its own internal consistency. Thus, the constraints that de�ne the interesting eventsreally belong to a planning task. Also, since reactive databases require testing only for simple stability ofindividual items in the database, the predicates are much simpler. In an active database, the constraints aremore complex and are independent of the transactions. When a constraint is violated, it is the database'sresponsibility to restore the consistency of its own data.2.5 Compensation-Based RecoveryOnce we allow Interactions or other open nested transactions to make visible portions of their work beforethey commit, we need to deal 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 failure. In thecase of open nested transactions, it is not feasible to do a state-based undo, which is the traditional undomodel. Rather, the open nested transaction needs to semantically undo the transaction back to some statethat is semantically equivalent to what would have happened if the open nested transaction had not run.Open nested transaction models such as Sagas [GS87], Flex Transactions [ELLR90], and ConTracts [WR91]use a form of recovery called compensation. This form of recovery was �rst de�ned in detail by Garcia-Molinaand Salem [GS87]. In their Sagas, each transaction has a corresponding compensating transaction. A correct23



and complete execution of a Saga looks like a sequence of 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 [GGK+90] require that the compensating Sagas be invoked recursively.The ConTracts paper [WR91] makes some additional observations concerning compensation. Compen-sating transactions do not need to run in the inverse order of their corresponding transactions: In fact,compensating transactions are often completely independent and can run concurrently.Because open nested transactions make partial results visible early, recovery of one open nested trans-action can cascade to others. ConTracts address this problem by explicitly maintaining all dependencies.This, however, is not feasible in a multidatabase environment.Korth et al. [KLS90] did a study on compensation with respect to their entitywise 2PL correctnessspeci�cation for transaction execution. They examine the e�ects of intervening con
icting transactions onthe success of compensating transactions, and give some ideas on how to constrain executions so the resultinghistory is approximately sound. This paper provides a good characterization of some of the stickier problemsthat you can encounter when trying to implement any scheme that uses compensation.Related to this work is the compensation strategy that is embedded in the Optimistic Commit Pro-tocol [LKS91a]. While they support semantic atomicity (as in Sagas), Levy et al. also observe that thecompensating transactions do not need to be coordinated as strongly because they are largely independent.Karychniak et al. [KRST92] deal with issues of compensation in multidatabases that support assign-ment/deassignment transactions. In their scheme, if a global transaction is �rst done, then later seman-tically undone, the major e�ect this will have on the intervening transactions is that they may not get asgood an assignment (because the semantically undone transaction is assigned something that the interveningtransaction wants). They support a relaxed view of serializability, not quite so general as in Sagas, calledK-serializability. With K-serializability, a global transaction and its compensating transaction can have atmost K global transactions that con
ict with them on any single data item between them. This boundshow far a transaction can be from its \best available assignment". To aid in their scheduling mechanism,they also introduce a notion of horizon of compensation, which states that a child transaction cannot becompensated for after its parent commits.Multilevel transactions also require compensation-based recovery strategies [WHBM90]. Since multileveltransactions operate in a more restricted environment they can maintain an accurate, single log at eachtransaction level. During recovery, level 0 redo is �rst completed. Then, each level i log, starting from thelevel 1 log and working up, is processed in inverse order. The inverse log pass generates compensating level(i-1) steps for each level i transaction that has not terminated. This recovery strategy has been implementedin the DASDBS project. A similarly structured technique is proposed for nested and multilevel transactionsin [Lom92].[Wei91] notes several other approaches, with di�erent strategies for maintaining (semantic) undo and redoinformation at the various levels. The checkpoint strategies take periodic checkpoints. After a crash, thecheckpoint is restored and undo and redo operations are applied level by level until the database is brought upto date. These strategies require that semantic undo and redo information be maintained at each transactionlevel. Because of other limitations, the checkpoint schemes work best in a centralized database.The second new class of recovery strategies noted in [Wei91] they call \subtransaction oriented". Thesestrategies basically treat subtransactions as independent transactions at their level. A log is kept of theactive and completed subtransactions at each level. When a crash occurs, the log is read level by level. Ateach level (except level 0 which is read/write only and uses state-based undo/redo), the subtransactions thathad not been completed at the time of the crash are semantically undone. The subtransactions that didcomplete but are not re
ected in the database are semantically redone.Very little of this recovery work applies directly to the reactivity problems that occur with Interactions.Because Interactions are reactive, we support con
ict- or event-driven partial rollback of committed portions24



Planner Plan ExecutorFigure 2.3: System design for an Arti�cial Intelligence planner.of an open nested transaction. The characteristics of our reactivity problem are also quite di�erent fromthose of recovery, in that we cannot actually �nd a spot in the log before which everything is correct, andafter which everything is not correct. This is because of the reactivity bias towards preserving the originalplan as much as possible, while still regaining Interaction consistency. In fact, we can't even point to a timein the Interaction execution where we know that everything after that time is invalid; certainly parts ofthe execution may be invalid, but others may not require any form of recovery action. For instance, in theexample in Section 1.3.3, if the new 
ights are on the same day as the old 
ights, the car rental is still valid.We do not know of any other work that examines compensation in the manner required for reactivity.2.6 Arti�cial Intelligence Planning WorkMuch work on planning has been done by Arti�cial Intelligence researchers. This work examines planning indi�erent domains such as planning the movement and actions of a robot or planning how to move di�erentitems around (such as blocks or packages). An overview of Arti�cial Intelligence planning work can be foundin [DW91].Much of the problem studied in this context focuses on gathering information and developing the planbased on the information that has been gathered. Thus, their system designs are as shown in Figure 2.6.The plan developer starts out with a set of speci�c goals to reach and a totally unspeci�ed plan. Ultimately,a more detailed plan in developed. The �nal details are �lled in as the plan is actually executed and real-timeinterference is dealt with. The actual process of developing the plan is a searching process, often structuredhierarchically with lower levels representing more detailed re�nements of the plan.In our travel agent example, the goals represent the things the traveler wants with respect to his trip. Thegoals are not really explicitly speci�ed; rather the planning application knows that one of the (well-speci�ed)plan alternatives will achieve the goals. In our system, we focus more on deciding between the relative meritsof di�erent speci�c plans. In fact, we could put an AI-style planner on top of our planning application thatfeeds potential plans to the planning application (currently we assume this is a person). The plans do tendto be speci�ed hierarchically, in that the more general plans are the ones that make the reservations forgetting the traveler from town to town; the more detailed ones have to do with what the traveler would doin each place.In this section, we discuss some of the planning work that most closely relates to our work. This includeswork on reactivity in robots and other planning agents in the Procedural Reasoning System (PRS) byGeorge� et. al. [Geo87] and Reactive Action Packages (RAPs) by Firby [Fir89]. It also includes replanningand plan reuse research in the PRIAR system of Kambhampati [Kai90]. The plan reuse work is relevantto Interactions in that the problem of how an Interaction should react to a weak con
ict violation is verysimilar to how Kambhampati formulates the problem of conservative plan reuse.2.6.1 Procedural Reasoning System (PRS)The Procedural Reasoning System is a 
exible general-purpose planning system developed by George� etal. [Geo87]. PRS considers both the making of a plan and the execution of the plan in the same system.PRS is designed to be a reactive planning system in the same sense that Interactions are reactive. Whenthings in the environment impact the execution of a plan, then the system reacts by replanning. Unlike ourInteractions work, PRS is designed for environments where there is frequent interference among plans. Thus,PRS not only considers replanning to accomplish the same goals, but also considers whether the interferencewith the plan should cause its goals to be modi�ed, or even if the plan should be abandoned altogether.PRS is designed to be a general-purpose planning and plan execution system, and thus bears moreresemblance to our Interactions work than more specialized Arti�cial Intelligence planning systems. However,25



they focus more on plan execution as a means to gather information which is fed back in the agent'splanner and used to improve future plans. Thus, planning, replanning, and plan execution are deliberatelyinterleaved. While Interactions can interleave replanning with execution, this interleaving is not deliberate.2.6.2 Reactive Action Packages (RAPs)In his thesis [Fir89], Firby considers adaptivity and reactivity in robots. Adaptivity concerns moving therobot around obstacles as it executes its plan. Reactivity is the ability for the robot to change what it is doingbased on unexpected situations in the robot's environment. The robot system monitors the environmentfor these situations as it executes a task. If a monitor senses one, it can modify its plan to cope with the(higher-priority) problem.In Firby's work, the requirements of reactivity are somewhat di�erent from our reactivity requirementsbecause of the di�erent planning environment he works in. For one thing, a robot operates in real-time,and may need to execute an approximate plan quickly rather than making a perfect plan that is slowerto construct. Also, a robot may consider several tasks simultaneously, executing the highest-priority onerequired at any time. For instance, a robot may interrupt a package delivery to sound a �re alarm. In oursystem, we consider each task independently and e�ectively assume one agent per task. RAPs also operatewith a more limited set of knowledge that is found in a multidatabase. The robot's world knowledge is basedon what it is initially told and what it has observed on its own. Much of Firby's work is in determiningwhat kinds of information can actually be sensed and processed by a robot. Also, he needs to deal withuncertainty, in that the robot's world knowledge may not be accurate. The information in a multidatabaseis generally both more complete and more accurate.Firby's work, however, does consider some issues that we do not consider in this thesis. One importantissue he considers is what to do when the reactions to di�erent plans interfere in a way that causes a reactionloop. That is, one replanning e�ort triggers a second replanning e�ort that impacts the �rst replanninge�ort. We need to think about this problem in our own context. Firby also considers merging plans, whichmay or may not be useful in our multidatabase planning applications.2.6.3 The PRIAR SystemIn his PRIAR system, Kambhampati [Kai90] examines issues of plan reuse and modi�cation. Plan modi�-cation is very related to the Interaction's recovery work in that, when a plan becomes invalid we attempt tomodify the old plan into a new one, making as few changes to the original plan as possible.PRIAR annotates each plan with a set of internal dependencies that it uses when modifying one plan(slightly invalid in the current context) into a second plan (valid in the current context). This internaldependency information serves a similar purpose to our read/write information that we store for the di�erentglobal transactions. Unfortunately for us, we cannot keep explicit dependencies because of the possibility ofautonomous activity in the multidatabase.The PRIAR system maintains similar requirements to Interactions. It attempts to be conservative inhow much modi�cation is made to the original plan; that is, it attempts to minimize how di�erent the newplan is from the original one. It considers protections (similar to weak con
icts) that are set by particularsubtasks and must persist for some period of time. It also considers how to eliminate phantom tasks fromthe plan { i.e., tasks whose e�ects are already true. The elimination of phantom tasks is motivated by thesame issues that motivate us to eliminate replacement transactions in our reactivity work.2.6.4 TerminologyIn many cases our terminology di�ers from the terminology used by the Arti�cial Intelligence planningcommunity. In this section we discuss the correspondence between our terms and their terms.Planning in their parlance is the process of deciding how to achieve a particular goal. This is true inour terminology as well. However, in Arti�cial Intelligence systems this goal is speci�ed as some propertyof the planner's recorded world knowledge, whereas in our environment it is determined by the speci�er ofthe plan. In the Arti�cial Intelligence community, they speak of making the plan and executing the plan;26



we, however, do not explicitly consider plan execution beyond providing the ability for an Interaction not tocommit until the execution is complete.In Arti�cial Intelligence planning, reactive systems execute a plan, monitor the execution and the envi-ronment for potential problems, and replan around those problems. Since the Arti�cial Intelligence planningwork focuses more on autonomous planning agents that collect their own information, these agents react asthey sense problems during plan execution (when they are \on the spot" to observe what they may not haveanticipated). In our multidatabase environment, we have a commonmethod to access information about theworld that the planner may not know based on his own experience. We can use this advance knowledge toreact earlier, before the plan is actually executed. Thus, our reactive system plans, monitors, and replans.In Arti�cial Intelligence terminology, a protection is a condition that must be held for the plan to remainvalid. We call this a weak con
ict. They call the situation where a protection gets violated a con
ict; we callthis a weak con
ict violation. The existence of a con
ict is detected by monitoring the protections, whichis what our event detecting functions do. When a con
ict occurs, an Arti�cial Intelligence planning systementers into a replanning phase (or does plan recovery). This is the process by which the plan is brought baskinto a state where it is possible to achieve its goal given the planning agent's current world knowledge. Wecall this process reacting or evolving the plan into a new consistent state. In this thesis, we avoid the use ofthe world recovery for this process as it is already a database term for bringing the database into a consistentstate after a process, disk, or communication failure.During the process of reacting or replanning, it is sometimes necessary to abandon some piece of the plan.With Arti�cial Intelligence planning agents this process is called backtracking. However, in the multidatabaserealm the making of the original plan involved modifying the multidatabase (for example, as reservationsare made). Thus, backtracking also involves undoing those e�ect on the multidatabase. We call the processof undoing these changes compensation or semantic undo.
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Chapter 3Specifying Tasks with InteractionsInteractions allow an application to de�ne and execute tasks in a non-serializable way on a multidatabase.Each Interaction de�nes a complete procedure for executing the task in the multidatabase, including alterna-tive ways of accomplishing particular subtasks, conditions that can't be violated by other tasks for this oneto succeed as executed, and steps to be taken when some other task interferes and violates those conditions.Each Interaction also de�nes its own requirements for isolation from other tasks.An Interaction is speci�ed from some application (such as a travel agent application) as a program orcommand sequence. The multidatabase that serves the application contains an Interaction Manager thatcontrols the execution of each Interaction and ensures that its isolation requirements are met.In this chapter, we discuss the characteristics of planning tasks and the requirements they place onthe underlying multidatabase transaction model. Based on this, we describe the Interactions transactionmodel, and explain how planning tasks are de�ned in that model. We then de�ne the language TaSL (TaskSpeci�cation Language), which we use to de�ne tasks in our multidatabase implementation.3.1 Characteristics of Planning TasksIn this section, we examine in detail the characteristics of planning tasks and the requirements they place ona transaction model. Some of these characteristics have been discussed in Chapter 1, but here we really focusin detail on the tasks themselves. We see that planning tasks executed on a multidatabase do not necessarilyhave the same database access requirements as the type of task that is implemented as a transaction on atypical database. We also explore why traditional transaction models do not su�ce to �ll these requirements.3.1.1 Identi�ableA multidatabase task is really a grouping of related operations on di�erent databases that accomplish asingle, speci�c purpose. It may not be wise to view di�erent parts of the task as completely di�erent pieces,because the relationships that form between those parts must be recognized and maintained. For example,if the customer misses his 
ight on his business trip, all of his travel plans may need to be adjusted. Theexample of Section 1.3.1 notes that all of the plans including the car rental may be a�ected if the customer's
ight is canceled. Thus, it is important to be able to make conclusions about what to do about the car rentalbased on the status of the 
ight.Another reason that a task requires a unique identity has to do with resource management. For example,the task may want to keep track of the status of the resources it needs for the correct recovery in case thetask is aborted. If something happens to some required resource, the task needs to know that recovery isnow no longer possible. Another case where the task needs to manage resources is when it is watching foroperations that interfere with its work. For example, once the travel agent has made the 
ight reservation,he needs to monitor that reservation to ensure that it is not canceled. If the 
ight is canceled, then thetask needs to do some work to recover its consistency. Clearly, the transaction associated with the subtaskthat made the reservation has committed, because the 
ight reservation is available for the airline to do the28



cancellation. However, there is something (the task) that is still responsible for initiating the watch on theresource and for receiving and processing any noti�cation that the reservation has gone away.3.1.2 Non-AtomicIn a traditional database, the user manipulates information using atomic transactions that take the infor-mation in the database from one consistent state to another consistent state. Given that all transactionsfollow this guideline, a traditional database guarantees that the its information always remains consistent byensuring that individual transactions are executed e�ectively in isolation (atomically). Atomicity is usuallyenforced by guaranteeing that the database history is serializable. An atomic transaction is either completed,or any e�ects that it had on the database and on other transactions are removed. A transaction history isserializable if no transactions interleave their operations in such a way as to leave the database in a statethat is not the same as some state that could be reached by executing those transactions in some serial order.Basically, this means that any concurrency among transactions does not cause any undesirable side e�ects.Unfortunately, long-lived tasks such as planning tasks should not be represented to the database as atomictransactions [Gra81]. This is because atomicity requirements mean that concurrent transactions interferewith each other (e.g., by deadlocking). The longer the transactions tend to run, the worse that interferencebecomes. This, coupled with the fact that the autonomy requirements for local databases in a multidatabasecan cause the multidatabase to make very conservative estimates on when interference occurs, means thatatomic planning transactions would frequently need to be aborted due to con
icts.Another reason planning tasks should not be atomic is because they do not necessarily need to maintaina repeatable read. Repeatable read guarantees that reading a speci�c data item more than once in the sametransaction always yields the same result. In the travel agent example, we see that a 
ight is initially availableand therefore a seat can be booked for the travel agent's customer. Later on, the 
ight is canceled, so thetravel agent's query concerning the 
ight should re
ect the change. In this situation, a non-repeatable readis considered correct.Since it is not reasonable to throw out correctness completely and allow executions on a multidatabase tobe completely uncontrolled, multidatabases need to guarantee di�erent types of correctness than atomicity.Since portions of each planning task may need to run in isolation, each task can be speci�ed as a partialorder of atomic units of work, where the partial order indicates where one unit of work must logically followanother. This structure then can form a basis for a new, non-atomic correctness criterion.Because of the all-or-nothing properties traditionally associated with transactions, multidatabase tasksare expected to execute in a way that preserves semantic atomicity. Semantic atomicity states that atransaction either runs or is left is a state that is semantically equivalent to some state that would have beenreached if the original transaction had not run at all.3.1.3 Recoverable via CompensationSince planning tasks can commit some of their subtasks early, problems can occur when some transactioncommits, and then the overlying task fully or partially aborts. Garcia-Molina and Salem [GS87] argue thatin these situations, the only way to back out the committed changes is to ensure that some compensationprocedure runs to completion. For each transaction, a compensating transaction is designed to reverse itse�ects. For example, if the transaction books a particular airplane reservation, the compensating transactionwould cancel the reservation.Compensation-based recovery is a sloppier form of recovery than the traditional undo. There is a windowof time between the point where the original transaction commits and the point where the compensatingtransaction begins. During this time, other transactions may read the e�ects of the original transaction anduse that information in their own execution. These transactions then are ultimately dependent on the e�ectsof some transaction that, in some sense, didn't run [KLS90]. While these dependencies may be di�cult tocompute directly, it may be important to be able to determine their existence for compensation to executecorrectly. Thus, in addition to maintaining the traditional logs and de�ning recovery procedures that usethose logs, we need to be able to detect these dependencies or their e�ects during recovery.One place this problem becomes apparent is when other transactions do operations that prevent a com-pensating transaction from completing. This occurs in the bankrupt airline example from Section 1.3.4.29



3.1.4 EvolvableThe information in a multidatabase evolves over time. Planning applications make changes to the data inthe multidatabase, and these changes serve e�ectively as promises for the feasibility or success of futureendeavors. For example, a plane reservation is a promise that the traveler will be able to take the 
ight atthe stated fare.Interaction among tasks is implicitly allowed any time one task makes its results visible to another taskbefore it commits, thus allowing the second task to act on those results before the �rst task is committed. Insome cases, this interaction is desirable. For instance, if a travel agent has booked a 
ight that is canceled,it is desirable for him to �nd out about that cancellation as soon as possible, to give him the best chance ofmaking other reservations.Because of the atomicity requirement usually placed on database transactions, the traditional response toa con
ict in a transaction is to abort the whole transaction. However, because planning tasks are long-livedand non-atomic, it is not necessarily desirable to abort the whole task and start all over again when a con
ictoccurs. Since a task can be of long duration, aborting it may involve undoing large amounts of work. Sincea tasks is nonatomic, aborting it may involve semantically undoing committed work that is still valid. Incontrast, our goal is to enter into a \reactivity" phase when some already-completed work becomes invalid.This phase should have as little impact on the rest of the task as possible while still regaining consistency.Reactivity bears some resemblance to recovery, in that it requires similar information to be kept as thatwhich is logged for recovery. However, in situations in which some subtask's work has been invalidated, theapproach taken to regaining consistency in the reactivity phase di�ers from the recovery process. First, aswith recovery, the process managing the reactivity needs to recognize that any subtasks that do not obviouslydepend on the invalid work (e.g., anything that was completed before the reservation was made on the plane
ight that was canceled) should not be touched. Second, it needs to determine what of the remaining workwas invalidated and what was not. In this situation, it cannot with certainty determine what the minimalset of recovery actions are until it is in the middle of the reactivity process. It cannot just point to a spotin the task execution and know that everything after that spot must be undone.Thus, the reactivity manager needs more sophisticated ways of examining the di�erent subtasks in thecurrent multidatabase and Interaction context, and determining for each one in turn whether or not its workis valid in the current context. This involves trying to replace the work, in the original execution order ofthe subtasks, while impacting as little of the following subtasks as possible. Replacement can be done usingcompensation, and by redoing (using a di�erent alternative where necessary). This same type of problem isencountered in the Arti�cial Intelligence planning community, where replanning algorithms are designed toimpact the original plan as little as possible [Kam90].3.1.5 FlexibleOne of the goals for a planning task is not only to �nd a workable plan, but also to �nd the best workable plan.Thus, di�erent ways of achieving the plan (or parts of it) are speci�ed as alternatives. These alternativesare prioritized where needed. Which of the alternatives succeeds depends on the state of the underlyingdatabase at the time the steps execute. Thus, the actual execution path for the task depends on the stateof the multidatabase at the time the task is executing.The following types of 
exibility have been de�ned for multidatabase tasks:� 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., don't rent a car if no reasonable car is available.� Allow divergent sets of steps; e.g., if you get a 
ight then rent a car at the destination, otherwise renta car at the source and drive.These types of 
exibility are all useful in supporting planning applications. However, because we generatelong-lived, non-atomic transactions, 
exibility can be implemented at a higher level. For example, if theattempt to make the reservation on the United 
ight fails, it would be useful to commit that portion of thetask's work (or maybe even abort it), so that the resources touched by it are no longer tied up. This leadsus to conceive that we could divide the task up into a set of short atomic transactions as suggested earlier.30
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.........Figure 3.1: The execution of a planning task is bursty. Ellipses indicate potentially long periods of timewhere the Interaction is inactive.These are committed or aborted soon after their (successful or unsuccessful) completion. Flexibility canthen be expressed with respect to these short transactions, as opposed to being expressed on a step-by-stepbasis. Thus, the types of 
exibility we support in Interactions take the following forms:� Do one of several global transactions each of which accomplishes the same task; e.g., book either theUnited 
ight or the TWA 
ight.� Allow some global transaction to be optional; e.g., if the global transaction to rent the car fails, don'tabort the Interaction.� Allow divergent sequences of global transactions to be executed; e.g., if the global transactions to geta United 
ight and get a TWA 
ight both fail, then rent a car at the source and drive.Implementing 
exibility in this manner has the advantage of being e�cient in how long database resourcesare held. If a global transaction fails to accomplish a speci�c alternative, it can be aborted immediately torelease the data items it holds.One advantage 
exibility gives us, beyond allowing the original plan to be selected among several alter-natives, is to provide di�erent ways of bringing a task back to a consistent state once a con
ict occurs. Inthe trip example with 
ight cancellation, the traveler's original 
ight reservation no longer holds. However,the multidatabase can still examine the 
exible Interaction speci�cation (as originally de�ned by the travelerand the travel agent) to �nd an alternative airline booking. This selection process is very similar to whatwould have happened had the original booking failed immediately.3.1.6 PacedPlanning tasks start when the plan begins to be speci�ed and typically end when the execution of the planis complete. Thus, planning tasks can span days or even months. Naturally, the whole time is not spentexecuting multidatabase transactions. Rather, a planning task typically generates bursts of work followedby long stretches of inactive time.Figure 3.1 shows a potential execution of an Interaction. Here, the Interaction executes a few, shortglobal transaction and has long periods of time where it is just waiting. For example, if this Interaction wereplanning a trip and the di�erent global transactions represented di�erent reservations, the commit may notoccur until the trip is complete. Thus, once GTn commits, the Interaction has �nished the updates it ismaking to the multidatabase and is merely waiting for an event representing the completion of the trip.An Interaction enters an inactive period when nothing can be done currently, and remains inactive fora potentially inde�nite period of time. Therefore, all of the Interaction's work should be committed beforethe inactive period begins. The inactive period can end under speci�c conditions such as:� More input is given by the task speci�er, so there is something to do next.� Some event happens in the multidatabase that causes some replanning to occur, such as a 
ightcancellation.� Some event happens in the multidatabase that indicates that some portion of the plan has executed,such as the traveler taking the 
ight.� Some time constraint has been reached, such as a deadline for paying for the 
ight.This means that planning tasks are partially event-driven. The occurrence of the events controls the paceat which the task executes. 31



3.2 Task Speci�cationAn Interaction is a program that de�nes the 
ow of some task, and an associated set of con
icts that de�nethe isolation requirements for the task. In addition, an Interaction may have local variables to hold internalinformation (including results of completed program steps) for use later in the execution. Each Interactionhas a unique identity, maintained over its entire life.The parts of the program that actually interact with the local databases are called steps. Each stepis executed atomically on a single local database to accomplish some part of the Interaction's task. TheInteraction program speci�es how the di�erent steps can be combined to accomplish the task correctly. Thisincludes specifying alternative ways to accomplish the same subtask. For instance, if there are no more
ights from airport from to airport to, the traveler may wish to rent a car and drive to his destination.Programs may also specify steps and sequences of steps that may be attempted concurrently. Concurrencyis possible when two actions are entirely unrelated, such as booking a rental car and a hotel reservation ina city, once the travel times are known.In addition to de�ning the 
ow of a particular task, an Interaction also must de�ne the task's isolationrequirements. Isolation requirements are de�ned over spans of the execution of the Interaction. This modelallows two forms of isolation. The �rst, called a strong con
ict, de�nes an execution span where all of thesteps are executed atomically as a single atomic multidatabase transaction.The second form of isolation is called a weak con
ict. It de�nes a set of conditions which should bepreserved for a speci�c span of the Interaction's execution. If these conditions are violated, then the weakcon
ict also speci�es what the contingency plans are. For example, a weak con
ict might be speci�ed that,once the traveler's 
ight is booked, that reservation stays around until he actually 
ies. If the reservationgoes away, the weak con
ict speci�es where and how to begin the reactivity process. If reactivity is everinvoked, then the steps associated with the weak con
ict are issued automatically by the multidatabase.3.2.1 ExampleFigure 3.2 gives a 
ow diagram for the example task from Section 1.3.1, with the added caveat that thetraveler may wish to rent a car and drive if he cannot get 
ights at the appropriate times.In this �gure, states are represented by circles, with the start state indicated by a >. Transitions areindicated by arrows (!), and are labeled with the global transactions that cause the transition. Some ofthe transitions in the diagram have more than one head. These indicate that there is a fork in the executionof the Interaction, and the portions of the 
ow diagrams at the heads of the transition may be executedconcurrently. There also may be arrows with multiple tails, indicating the joining of two concurrent executionpaths.Final states are enclosed in a darkly shaded box. If there is a fork in the execution, then there may bemultiple �nal states, all of which need to be reached for the Interaction to terminate successfully. These �nalstate sets are indicated in the �gure as a set of states that share the same darkly shaded box.One other thing represented in this 
ow diagram is a place (state b) from which one or more alternativeactions can be taken. In this case, 
ying is the preferred alternative, and that execution path is indicatedby a [1]. A second choice is driving, and that execution path is given a lower priority ([2]).Figure 3.2 also shows examples of a weak con
icts for the de�ned Interaction. The duration of eachcon
ict is indicated by a lightly shaded box. The label associated with the box indicates an event thatshould occur during the span delimited by the box. The example weak con
ict on the United 
ight ensuresthat the reservation stays around until the traveler actually takes the 
ight.3.2.2 Overview of a Task Speci�cation and ExecutionA task is speci�ed as a 
exible, open nested transaction called an Interaction. An Interaction speci�esdi�erent alternative ways of accomplishing its task, with priorities associated with each place the Interactionmay need to choose among the alternatives. When a task is executed, it is assumed that exactly one ofthese di�erent ways succeeds, and further that it is the highest-priority way possible given the state of themultidatabase. 32
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Di�erent parts of an Interaction are speci�ed as atomic subtasks. Each subtask is de�ned as a single globaltransaction. For example, in Figure 3.2, each box containing steps is assumed to be executed atomically.The 
exibility, which allows the planning application to specify alternative ways of accomplishing the task,is speci�ed as a prioritized set of choices to take from the current point; thus, the priorities are also shownfor each alternative in Figure 3.2.Each global transaction in the Interaction is speci�ed as an atomic set of steps on the local databases.We assume that the steps are de�ned individually by the local databases, and specify the interface betweenthe local database and the multidatabase. A global transaction may specify steps on more than one localdatabase.We assume the architecture described in Section 1.6, which is similar to the one proposed for Sagas [GS87].The entire Interaction speci�cation is saved in a layer between the application itself and the multidatabase.Thus, it is available during the Interaction execution and recovery, when di�erent alternatives may need tobe tried.When an Interaction is executed, the best alternative set of global transactions is attempted, in thepartial order de�ned by the speci�cation. If some alternative fails to accomplish its subtask, the work doneso far is minimally backed out of (that is, the fewest number of global transactions possible are compensatedfor) and the next highest priority set of alternatives is attempted. The resulting search through the possibledi�erent ways to accomplish the task is similar to a depth-�rst-search order.In terms of the execution as viewed by the multidatabase, an Interaction looks like a partial order ofglobal transaction executions. It can also be viewed as a task network.3.2.3 Global TransactionsStrong con
icts de�ne what other operations cannot interleave their execution with this Interaction. Thecon
icting operations need not be issued by other Interactions. They could, for instance, be operationsinitiated by some other, independent transaction on some local database.For correct operation in the multidatabase, each strong con
ict must be enforced by executing stepswithin a single atomic global transaction on the multidatabase. This transaction prevents other globaltransactions on the multidatabase or independent transactions on the local database from inappropriatelyaccessing the resources used by the steps it contains. For example, since a strong con
ict is de�ned betweenthe time the travel agent �nds an available reservation for the traveler and the time the travel agent actuallymakes the reservation, there must be a single atomic global transaction that �nds the empty seat, blocksaccess to the seat until the reservation is made, and ultimately makes the reservation.Global transactions can specify step statements that are to be executed on di�erent local databases.Steps in a single local database that are a part of a single global transaction are all executed within a singletransaction on the local database (a global subtransaction). The global subtransactions on the local databasesthat execute the steps of a global transaction must commit atomically with the global transaction commit.3.2.4 AlternativesIn an Interaction de�nition, 
exibility is speci�ed as choices for continuing from a given state if that stateis reached during the execution. These alternatives are prioritized, so the highest-priority one is tried �rstand so on, until the one unique alternative path succeeds in accomplishing the remainder of the task. Forexample, in Figure 3.2, booking a United 
ight, booking a TWA 
ight, and renting a car are all di�erentalternatives to be considered when the Interaction is in state b.Subtasks in an Interaction may be speci�ed as vital or non-vital. A vital subtask must be accomplishedfor the task to succeed. A non-vital subtask does not need to be accomplished. Non-vital subtasks areexpressed using the NULL alternative. In Figure 3.2, the subtask that reserves the car at the destination(from) is non-vital, so there is a NULL alternative (with priority [2]) from state d to state i. Thus, the carrental is tried �rst. However, if the car rental did not succeed, the NULL subtask succeeds automatically.In other work [GGK+90, ELLR90], subtasks were explicitly tagged as vital or non-vital. If a non-vitalsubtask could not be accomplished, it still succeeded. We instead provide an explicit NULL alternative,because the non-vital construct is ambiguous in the presence of prioritized alternatives. For example, considerthe case where there is a higher-priority non-vital alternative and a lower-priority vital alternative. If the34



�rst alternative fails, do you assume it succeeds or do you try the second alternative? If you try the secondalternative, what do you do if it fails? Also, there is the case where there are two equal-priority non-vitalalternatives leading to di�erent execution states. If both fail, what state does the task end up in?3.2.5 StepsA step de�nes a cohesive set of operations on a single local database. In the task 
ow, an example of a stepis United::book rt 
ight (from, to, go, return). Its function is to check the database for United airlines to seeif they have available 
ights at the speci�ed times, and make a reservation if both are found.In this work, each step is implemented as a procedure call on the Step Library associated with the localdatabase. The step is responsible for taking its arguments and issuing commands directly to the localdatabase in its data manipulation language. The step call and return information are logged by the step.Because compensation is used during task evolution and recovery, each step also has a compensatingprocedure de�ned for it in the Step Library. Since the step knows exactly what is run on the local database,it is responsible also for logging what its compensating step call and arguments are. If other informationis needed for Interaction-level reactivity and recovery, such as the data items that were read and writtenand their values, it is the responsibility of the step to also deduce and log that information. This maypossible require running extra queries on the local database within the same global transaction that the stepis executing.Steps are executed atomically. Therefore, the operations of a step must be executed within a single globalsubtransaction on some local database. Because the transactions on the local database are assumed to beatomic and recoverable, the pieces of those local transactions that execute the steps are also atomic andrecoverable.3.2.6 EventsAn event is something that happens externally to the Interaction, but which in
uences the execution ofthe Interaction. An event is de�ned as an update of a speci�c data item that causes some condition to beviolated.There are two ways we use events in an Interaction de�nition. The �rst way is to delay the executionof the Interaction until some event has occurred. For example, the travel agent may wish to delay thecommitment of an Interaction until the traveler has completed his trip. An example of this is shown inFigure 3.2, where the Interaction waits for the 
ight to land before entering �nal state f .The second way events are useful is in noting when weak con
icts are violated. A weak con
ict speci�-cation de�nes some event, and an event handler to be executed if the event ever occurs. This is explored inmore detail in the section on weak con
icts.3.2.7 Weak Con
ictsWeak con
icts indicate the conditions that should be preserved in the database during a speci�c executionspan of an Interaction for it to be able to continue executing from its current state. In addition, a weakcon
ict de�nes what is necessary to recover when its conditions are violated. Weak con
icts do not indicatesomething that should be prevented necessarily, but rather indicate conditions that require the task to reactif they are violated. Usually, a weak con
ict violation indicates the full or partial invalidation of some stepthat has already been executed. Thus, the violation of a weak con
ict could be treated analogously to theexplicit aborting of some completed action in the Interaction and possibly by the explicit invocation of otherrecovery mechanisms.It is the support for weak con
icts in the multidatabase that allows the planning task to be able to reactto changing conditions and to replan around the changes.Weak con
icts are not necessarily enforced by holding locks or any other equivalent function in the localdatabase. For example, in the case where the plane 
ight is canceled, the traveler obviously does not wantto hold the lock on his reservation. That would block his noti�cation of the 
ight cancellation. Holdingweaker noti�cation locks is also not possible, as this functionality is not likely to be already supported bythe autonomous local databases. 35



Instead, weak con
icts may be allowed to occur, but their occurrence must be externally detectable sothat appropriate measures can be taken to regain the Interaction's consistency. Because of the autonomyrequirements on the local databases, the detection of weak con
icts needs to be done by the multidatabasedirectly. This is because (with the exception of active databases), most local databases do not support theability to compute when speci�ed conditions are violated, while at the same time allowing the operationsthat cause the violation to continue. Instead, the multidatabase must monitor the local databases for weakcon
icts itself. This can be done using a variety of techniques, including periodic polling and explicitlymonitoring the input command streams to the local databases.3.2.8 Concurrent ExecutionWe need also to allow unrelated subparts of a task to execute concurrently. For instance, in the trip examplefrom Section 1.3.1, the hotel reservation and car reservation steps can happen concurrently once the planereservation is made. However, fairly simple methods for specifying concurrency, such as fork and join, areadequate.3.3 Interaction De�nition LanguageThis section de�nes a language, TaSL (for Task Speci�cation Language), for de�ning Interactions. TaSL ismodeled primarily after block-structured programming languages.In TaSL, an Interaction de�nition is enclosed between the statements begin Interaction and end Interaction.Following the begin statement are declarations for the variables internal to the Interaction. The values ofthese variables are considered part of the Interaction's state. After the declaration section is the body of theInteraction.The Interaction de�nition language requires facilities to de�ne alternatives, global transaction boundaries,variable assignment and use, strong and weak con
icts and parallelism. The following sections describe thelanguage facilities available to describe these functions. A more complete, formal de�nition of TaSL is givenin Figure 3.3.At the end of this section, the travel agent example task is given as an example TaSL de�nition.3.3.1 Variable Declaration, Assignment, and UseVariable declarations are of the form <type> <name> or <type> <name1>, . . ., <namen>. A type iseither the standard int, char, etc. used in C or some object view of information on some local database.Variables are used in the normal way. At any time, the results of a step can be assigned to an internalvariable. This is done with a simple assignment statement:< variable > = < step result > :The type of the result must match the type of the variable. As in C, the components of the variable canalso be addressed using a dot notation, e.g. 
ight info.airline. When passed as a parameter, all variablesuse call-by-value semantics.3.3.2 AlternativesThe representation of alternative actions that can ful�ll the task is represented using a modi�ed form of thestandard if-then-else construct. An example of the full form of the construct is as follows:if not f <global transaction1> gthen if not f <global transaction2a> or � � � or <global transaction2m> gthen if not . . .then f <global transactionn> g 36



<interaction> ::= begin interaction f<variable decls> <body>g commit interaction<subroutine set><variable decls> ::= � j <type> <namelist>; <variable decls><type> ::= int j string j ...<namelist> ::= <name> j <name> , <namelist><body> ::= � j <tl statement> <body><tl statement> ::= <statement list> j <alternative list> j <atomic block><alternative list> ::= if not f <equal pri set> g then <alternative list> jif not f <equal pri set> g then f <equal pri set> g jif not f <equal pri set> g then NULL;<equal pri set> ::= <atomic block> j <atomic block> or <equal pri set><atomic block> ::= atomic f <statement list> g<statement list> ::= <statement> j<statement> ; <statement list><statement> ::= <step call> j <assignment stmt> j <subroutine call> j<fork stmt> j <join stmt> j <wait stmt> j<weak con
ict stmt><step call> ::= <db name>::<procedure name> ( <arglist> ) j<label>: <db name>::<procedure name> ( <arglist> )<label> ::= <ident><db name> ::= <ident><procedure name> ::= <ident><arglist> ::= <arg> j <arg> , <arglist><assignment stmt> ::= <ident> = <step call> j<ident> = <subroutine call><fork stmt> ::= fork ( <name> ) f <body> g<join stmt> ::= join ( <namelist> )<wait stmt> ::= wait ( <event> )<weak con
ict stmt> ::= on ( <event> ) f <abort stmt> g juntil <label> on ( <event> ) f <abort stmt> g<event> ::= <db name> :: <name> , <condition><abort stmt> ::= abort ( <label> )<subroutine call> ::= <procedure name> ( <arglist> )<subroutine set> ::= � j <subroutine> <subroutine set><subroutine> ::= <type> <procedure name> ( <arglist> ) f <body> g jvoid <procedure name> ( <arglist> ) f <body> g<name> ::= <string><ident> ::= <string><arg> ::= <string>Figure 3.3: Formal De�nition of TaSL.37



In this construct, each alternative is represented by a block of code and has some priority. Two alternativesA and B of the same priority are joined with an or to indicate that they can be tried in any order and/orin parallel. The if not A then if not B � � � then N indicates an ordering to the priorities, where A shouldbe tried �rst. If A should fail, then B should be tried, etc. If N fails, then the whole set of alternativesfails, and consequently the Interaction fails. If the de�ner wants to express that the subtask executed by thealternative global transactions is not necessarily vital, then the last alternative should be then NULL.3.3.3 Global TransactionsIn TaSL, global transactions are expressed as blocks of code that are to be executed atomically. This isde�ned using the atomic construct, which is of the form atomic f<body>g. Statements not containedexplicitly in the body of some atomic block are executed individually in their own global transactions.3.3.4 StepsSteps are speci�ed as procedure calls to a Step Library associated with the local database. The Step Libraryprocedures generate the DML that is sent to the local database.Each step is thus speci�ed as follows:< local db name > :: < step procedure call > ( < arglist > )The step returns information as reformatted and returned by the Step Library call.3.3.5 Events and WaitingEvents in TaSL correspond to the updating of a speci�c data item in a way that violates some condition.Events are de�ned as follows:< local db name > :: < data item > , < condition >where the data item is some speci�c item in the local database, and the condition is some boolean algebraicexpression. The variables in the expression may consist of constants or values read from the local databasein which the event occurred.When the event occurs, the Interaction Manager noti�es the relevant Interactions by sending it the eventspeci�er.The wait command is used when an Interaction wants to pause in its execution until some event occurs.When a wait command is reached, the Interaction is blocked until the speci�ed event occurs. Then theexecution resumes with the statement after the wait. A wait command has the form wait (<event>).3.3.6 Weak Con
icts and AbortingWeak con
icts do not �t well into the block structure of the language. In particular, one possible use for aweak con
ict is to guard some speci�c change made for the bene�t of the user, such as a 
ight reservation.The speci�c nature of the weak con
ict is not determined until the actual reservation is made, and the 
ight,date, and time are known. However, there may be a window of time between the point where the reservationis made and the point where the weak con
ict is put into place. If this window exists, then there may be apoint where the reservation could get canceled, but the weak con
ict would not notice. To close this window,the weak con
ict must be in place before the global subtransaction that makes the reservation releases itsresources. This means that the weak con
ict must be set within the same global transaction as the step thatmakes the reservation. However, the weak con
ict needs to persist for a longer time, and thus most certainlyshould be released outside of that global transaction. This situation may be seen in the example at the endof this section.Because of this, TaSL treats weak con
icts more like exceptions than like locks. It uses a structurederived from Dayal et al.'s event-condition-action (ECA) rules [DHL90] to de�ne the exception. Since theweak con
ict may be released at some point of time that is not the end of the Interaction, there must be an38



option to specify the ending time of the weak con
ict. This is done using an until statement, which speci�esthe label indicating the statement that ends the weak con
ict.The full construct for de�ning a weak con
ict is as follows:[ until< label1 > ] on < event > f abort ( < label2 > )gwhere square brackets indicate optional parts of the construct. If the until statement occurs, there shouldbe some statement \downstream" from the weak con
ict declaration that has that label. During execution,the weak con
ict is released atomically with the execution of the labeled statement. If no such statement isreached, the weak con
ict persists until the Interaction ends.The event in the on statement is a standard event as de�ned earlier. The handler typically speci�es astep to abort. This does not necessarily mean that the global subtransaction that executed that step mustbe aborted. Likely, that transaction is no longer running. Rather, the e�ects of that step have been undoneand recovery should be initiated.An abort statement has the form abort (<label>) where label is the label of the statement that shouldbe aborted. While we limit the handler in an event to be just an abort statement, more 
exibility may beneeded in the long term. [GSW87] claims that, in the implementation of the collaborative editor CES, itwould have been useful for the user to have some explicit way of specifying user-oriented recovery actions.Thus, the handler may be expanded to include clean-up actions as well as actions to undo the work thatis now invalid. However, to prevent circular triggering of handlers in the database, the handler should berestricted so as to not modify information in the multidatabase.3.3.7 ConcurrencyThe standard fork and join primitives are used to express concurrency in an Interaction. When an Inter-action begins a concurrent thread, it uses the fork construct and names the thread, as follows:fork ( < name > ) f < body > g:In this case, a concurrent thread named name is created with the same context as the current thread, andthat thread executes the code in body. The concurrent thread completes at the end of the code in body.If the fork statement occurs within a global transaction, the new thread is assumed not to be a part ofthe same global transaction as the current thread. Instead, the new execution thread executes outside thescope of that global transaction, with its (execution) predecessor being the forking global transaction. Thecontinuing thread continues executing the forking global transaction. The one constraint on the executionof the Interaction is that the forked thread may not commit a global transaction until the forking thread'stransaction has committed (for recoverability).A thread can join with a named thread using a join. A join construct has the form:join ( < name1 >; . . . ; < namen > )where name1, . . ., namen are names of concurrent threads. The thread that executes the join statement iscalled the primary thread, and the named threads are called the joining threads. When the join statementis reached, the primary thread �rst waits until all the joining threads are complete, then it executes thejoin statement. With Interactions, forks and joins can nest, which means that a primary thread can onlyjoin with some thread that it forked itself, or with some thread that was forked by another thread that it isjoining at the same time.3.3.8 SubroutinesTo allow for more code modularity and reuse, we allow subroutine calls within Interactions. A subroutinecall may return a typed value, which can be assigned to some Interaction variable. Subroutine de�nitionsare of the form: [< type >] < procedure name > ( < arglist > ) f < body > g39



begin Interaction fplace from, to;date go, return;
ight info � go info, � return info;car rental � rental info;get dates (&go, &return);get cities (&from &to);Agent ::note ("leaving from ", to, "on ", go);Agent ::note ("returning to ", from, "on ", return);if not f =� Try a United 
ight �rst �=atomic fbook United 
ights (from, to, go, return);fork (T2 ) fatomic f book Avis car (go, return, to); gcar rented : (wait (Avis::check car status) == RENTED);ggwait (United ::check 
ight status (return info.
ight) == LANDED);gthen if not f =� No go, so try TWA �=atomic fbook TWA 
ights (from, to, go, return);fork (T2 ) fatomic f book Avis car (go, return, to); gcar rented : (wait (Avis::check car status) == RENTED);ggwait (TWA::check 
ight status (return info.
ight) == LANDED);gthen if not f =� Oops, maybe just rent a car �=atomic f book Avis car (go, return, from); g(wait (Avis::check car status) == RENTED);gthen abort Interaction; =� Well, so much for that trip. �=commit Interaction; =� This executes once the wait events occur �=g =� End of this Interaction de�nition �=Figure 3.4: Interaction de�nition for trip reservation example.As with steps, subroutines are allowed to return values. The return value may be assigned to an Inter-action variable. Information may also be passed back to the main body of the Interaction through its globalvariables.A subroutine call is of the form:[< variable name > =] < procedure name > ( < arglist > )3.3.9 The Trip ExampleFigure 3.4 shows the trip example from Figure 3.2 with its associated con
icts, de�ned in TaSL. Figures 3.5and 3.6 contain the subroutine calls made by the code in Figure 3.4. In this example, note is the action thatplaces information in the travel agent's private database.40



=�� Steps to book a United round trip 
ight ��=status book United 
ight (from, to, go, return)f 
ight to: go info = United ::reserve 
ight (from, to, go);if (go info.status == OK ) then f
ight from: return info = United ::reserve 
ight (to, from, return);if (return info.status == OK ) then fAgent ::note ("departure flight ", go info);Agent ::note ("return flight ", return info);on (United ::check reservation (go info.reservation) == NOT OK )abort to (
ight to);on (United ::check reservation (return info.reservation) == NOT OK )abort to (
ight from);gelse FAIL;gelse fUnited ::delete 
ight(go info.reservation);FAIL;gg=�� Steps to book a TWA round trip 
ight ��=status book TWA 
ight (from, to, go, return)f 
ight to: go info = TWA::reserve 
ight (from, to, go);if (go info.status == OK ) then f
ight from: return info = TWA::reserve 
ight (to, from, return);if (return info.status == OK ) then fAgent ::note ("departure flight ", go info);Agent ::note ("return flight ", return info);on (TWA::check reservation (go info.reservation) == NOT OK )abort to (
ight to);on (United ::check reservation (return info.reservation) == NOT OK )abort to (
ight from);gelse FAIL;gelse fTWA::delete 
ight(go info.reservation);FAIL;gg Figure 3.5: Subroutine calls for the plane reservations in the trip reservation example.3.4 SummaryIn this chapter, we discussed planning applications and the requirements that planning tasks place on themultidatabase. We speci�ed a transaction model, Interactions, to support planning applications and otherapplications with similar requirements. In particular, the Interaction model addresses the following issues:� Breaking up a potentially long-lived task into a set of related shorter tasks each of which can executeatomically on the multidatabase.� Specifying constraints that must hold on the multidatabase for the shorter tasks to be consistent.41



=�� Steps to book an Avis rental car ��=status book Avis car (go, return)f rent car : rental info = Avis::book car (go, return);if (rental info.status == OK ) then fAgent ::note f"car rental ", rental info);on (Avis::check reservation(car rental.reservation) == NOT OK )abort to (rent car);gelse FAIL;g Figure 3.6: Subroutine calls for the rental car in the trip reservation example.� Specifying tasks 
exibly; that is, giving alternative ways to accomplish the task. Also specifyingpriorities among the alternatives so the multidatabase can �nd the best feasible alternative. Thisimplies that the multidatabase must support some ability to search through the di�erent alternatives.� Specifying backtracking properties, so that if some constraint is violated and the task becomes in-consistent, the multidatabase can compute what backtracking needs to be done. This also allows themultidatabase to determine, once the backtracking is complete, how to continue the search for the bestpossible alternative.The Interaction model di�ers from other 
exible transaction models in that it implements 
exibilityabove the global transactions { the global transactions are not themselves 
exible, but they can be combinedin di�erent ways to accomplish the task. Another unique feature is that it supports reactivity, or the abilityto backtrack and re-execute committed work if the task becomes inconsistent.Interactions expect the multidatabase to present a procedural interface to the data in the local databases.In particular, each local database presents a set of procedures, or steps that the multidatabase applicationscan use to access its data. This interface is less restrictive that the restricted access schemes, in that theprocedures in a restricted access multidatabase are themselves complete, atomic transactions. Interactionsexpect to be able to group steps together more 
exibly into atomic global transactions, and to commit anentire set of steps globally and atomically. It is more restrictive than the unrestricted access multidatabaseschemes, in that the multidatabase does not have unlimited access to the information in the multidatabase.However, steps do make an easy and intuitive way to specify the task at the global level, as they encapsulatethe details of the local databases.TaSL as a database language is the most procedural of the languages that support 
exible executions.IPL [CBE93] speci�es the subtransactions and dependencies independently, and has no concept of prefer-ences among di�erent alternatives. ACTA [CR90] is more of a formalism than a language. Other 
exibletransaction models do not de�ne the language they use.With respect to planning, TaSL is the only database language we know of that inherently supports anotion of backtracking to regain consistency. The planning languages used in the Arti�cial Intelligencecommunity do not tend to provide features useful in manipulating databases, such as de�nition of atomicsequences of actions, or explicit commit and abort operations.The purpose of this chapter was to provide a detailed notion of the types of tasks we are trying to supportin this transaction model. In the next few chapters, we provide an underlying theory for the correctness ofa task execution in a multidatabase. 42



Chapter 4Interaction Correctness andSynchronizationIn Section 3.1.2 we argued that transaction atomicity and serializable histories may not be an appropriateapproach for de�ning correctness for planning tasks in multidatabases. Instead, we de�ned other ways ofexpressing the correctness of a planning task. Each Interaction de�nes its own expectations, including aprocedure to express both the steps that need to be taken for the Interaction to complete and the orderingconstraints on those steps. The Interaction de�nition also includes isolation information for di�erent sets ofsteps.At any point in the multidatabase execution, the ordering information for each Interaction is used toconstrain the order its steps are executed in the multidatabase and in the local database. The isolationinformation is used to de�ne the boundaries of the atomic global transactions that execute the steps. In thisway, we ensure that the overall operation of each Interaction conforms to its isolation requirements.In this chapter, we de�ne correctness criteria for multidatabase executions whose Interactions do notspecify weak con
icts. This is because violating a weak con
ict results in entering a process to evolve theInteraction into a new consistent state. Consequently, maintaining correct operation with respect to weakcon
icts means correctly detecting when the weak con
ict is violated, and correctly reacting to the ensuingabort. In Chapter 6, we address correctness in the presence of weak con
icts and recovery.4.1 Multidatabase HistoriesThis section lays some groundwork for de�ning correctness more rigidly. We formalize our correctnessrequirements in Section 4.1.6.A multidatabase is a time-varying collection of local databases:MDB = [iLDIiwhere LDIi is some local database in the multidatabase.The set of information that a multidatabase can provide access to is the union of the sets of informationavailable in its current collection of local databases. Note that while the multidatabase does not store extrainformation independent of the local databases, it may choose not to provide information that is stored insome local database.The work done at each level in the multidatabase (i.e. in the multidatabase itself and at the level of thelocal databases) is done in atomic steps appropriate to that level. For instance, the steps available at thelocal level include reads and writes of individual data items. The history of a database at a given level is thepartial order of those atomic steps as they were executed in the database.In this section we de�ne histories at both the multidatabase level and at the local level. We de�ne anotion of a merged history, that encapsulates history information at both levels in the multidatabase. Wealso de�ne correctness based on the merged history de�nition.43



4.1.1 InteractionsAn Interaction execution is de�ned as a partial order of steps, where each step is an atomic unit of work ona single local database. The execution of a speci�c Interaction is represented as follows:I = �SI ; <SI � ;where1. SI is the set of steps that are executed as a part of I, including also the delimiters begin interaction(I),commit interaction(I) and abort interaction(I),2. <SI is a partial order of those steps as executed, where Sa <SI Sb in the history if Sa and Sb share thesame execution thread and Sa is executed before Sb, or if Sb begins a new execution thread and Sawas the last step before the fork in the forking thread, or if Sb reads some Interaction variable whosevalue was written by Sa,3. for a speci�c Interaction I, begin interaction(I) <SI Si for any Si 6= begin interaction(I), and4. for a speci�c Interaction I, for Sz 2 fcommit interaction(I), abort interaction(I)g and any Si 6= Sz,Si <SI Sz .A committed Interaction Ic is a set of partially-ordered steps beginning with a begin Interaction(Ic) andending with by a commit interaction(Ic). Commitment here means that the task has run to completion,and its e�ects are all re
ected in the local database. Since the commitment of the Interaction's steps(which all occur before the Interaction commit) make the Interaction's e�ects both visible and persistent,the Interaction commit does not need to provide any additional functions in that respect.An aborted Interaction Ia is a set of partially-ordered steps and compensating steps, followed by anabort interaction(Ia). Aborting a partially-executed Interaction requires that the steps that have been com-mitted be semantically undone. Aborting an Interaction is discussed in the next chapter.4.1.2 Global TransactionsInteractions follow a two-level open nested model with respect to how their isolation requirements are spec-i�ed. Thus, adjacent steps of an Interaction may be grouped together and run as a single, atomic globaltransaction over multiple local databases.Global subtransactions execute the work of a single global transaction on a single local database. Theset of global subtransactions that cooperate together to execute a single global transaction are said toparticipate in that global transaction. In the Interaction model, we restrict global subtransactions suchthat a global subtransaction can only participate in a single global transaction. Therefore, the lifetime ofa global transaction encompasses the lifetime of each of its global subtransactions. Also, no two globalsubtransactions that participate in the same global transaction execute on the same local database, becausethe local database itself could not ensure the atomicity of all the steps executed as a part of several globalsubtransactions, even though they are a part of the same global transaction.The steps executed by the global subtransactions that participate in a single global transaction areatomically committed when the global transaction commits.The partial order of global transactions in an Interaction execution can be derived from <SI :I = �TI ; <TI � ;where1. TI is the set of global transactions that are executed as a part of I, plus the delimiters begin interaction(I),commit interaction(I) and abort interaction(I),2. <TI is a partial order of those global transactions as executed, where Ta <TI Tb in the transactionhistory if for some Sa 2 Ta and Sb 2 Tb, Sa <SI Sb.44



4.1.3 Interaction HistoryThe Interaction history contains an interleaving of the global transactions of a set of concurrent Interactions.Intuitively, an Interaction is represented in the history as a partial order of global transactions, beginningwith a begin interaction(I) and ending with either a commit interaction(I) or an abort interaction(I). Thepart of the history where the Interaction was active is exactly the part between the two delimiters. For eachInteraction active in the Interaction History, its global transactions must be ordered correctly with respectto <TI .Formally, an Interaction History containing a set A of concurrent Interactions is represented as a partialorder: IH = �HEI ; <TIH� ;where1. HEI = [I2ATI ,2. ([I2A <TI ) � <TIH , and3. for any two global transactions Ta and Tb that run on the same local database, either Ta <TIH Tb orTb <TIH Ta.Intuitively, this de�nition states that the global transactions in the Interaction History are executedserializably with respect to each other. Note here that we assume that any two transactions that execute onthe same local database con
ict. This overly conservative estimate is necessary because, without examiningthe executions of all transactions (global subtransactions and independent transactions) on the local database,we cannot determine when a con
ict actually occurs.4.1.4 Local Database HistoryWe de�ne a local database history in a manner similar to that of Bernstein et al.1 A local history containsa set of n local transactions t1 . . . tn, where ti can be either a global subtransaction or an independenttransaction. Each transaction ti is represented in the local history by a partial order of local steps <i. Thesesteps form a partial order LH = (HEL; <LH) ;where1. HEL is the set of local database operations in the transactions ([iti),2. ([i <i) �<LH , and3. for any two con
icting local database operations p; q 2 HEL, either p <LH q or q <LH p.Here, con
ict is de�ned and enforced by the local databases.The local database history is assumed to be serializable. Its local serialization order is the partial order ofthe transactions in the equivalent serial execution. We can derive the local serialization order for a databasefrom its history, by examining the relationships between the transaction operations on the local database.This is because the order in which con
icting operations execute de�nes the order in which transactionsmust be serialized. The local serialization order is a partial order:LSO = �t; <TLS�where1. t is the set of all transactions (global subtransactions and independent transactions) in the localdatabase, and2. if fsi; sjg � HEL, si 2 ti, sj 2 tj , and si <LH sj (that is, si and sj con
ict in the local database),then ti <TLS tj .1 [BHG87], page 29. 45



Because we assume that the local databases are autonomous, we must also assume that an operation-level knowledge of the local database histories is unavailable to the multidatabase. However, given someknowledge of the concurrency control mechanisms of the di�erent local databases, we may be able to deducethe local serialization orders. Also, small violations of local database autonomy, such as inserting a ticket ineach local database schema for use by a forced local con
ict scheme could be adequate to support the needsof the multidatabase.4.1.5 Merged HistoryThe merged history MH is formed by merging the histories of all the local databases forming a relationship(not necessarily a partial order!) !MH de�ned as follows:MH = (TM ;!MH)where1. TM = TG [ TI .2. TG is the set of global transactions on the multidatabase.3. TI = [L2MDBtLI (where tLI is the set of independent transactions that ran on local database L),4. if sa and sb are subtransactions on a local database, with sa participating in global transaction Ta andsb participating in global transaction Tb, and sa <TLS sb in the local database history, then Ta !MH Tb,and5. if Ti <TIH Tj, then Ti !MH Tj .The merged history re
ects the operation of the multidatabase, including both the Interactions' executionsand the executions of the independent transactions on the local database. It is this history that we use inde�ning correct operation for multidatabases.Note that !MH is not necessarily a partial order, because if two steps are executed in the same localdatabase, their execution order in the local history may not be the same as the completion order of theirsteps re
ected in the Interaction history. As an example of this, say Interactions I1 and I2 both have steps tomake reservations on the same 
ight, and to rent a car at the destination. If their steps execute concurrently,then it is desirable for one Interaction's steps to consistently occur before the others across all databases.Consider the case where there is exactly one reservation left on the 
ight, and exactly one car. If a consistentordering of the Interactions is not enforced, then the following e�ective execution order is possible:1. I1 gets the 
ight reservation from the airline database.2. I2 gets the rental car reservation from the car rental database.3. I1 tries to get the rental car from the car rental database and fails.4. I2 tries to get the 
ight from the airline and fails.5. I1 aborts the trip.6. I2 aborts the trip.In this case, both trip reservations failed, even though there was a 
ight and a rental car that one ofthem could have taken. This is because the two sets of concurrent global subtransactions associated withthe two Interactions did not serialize in a consistent order.Given that I1 and I2 both execute their steps as a single atomic global transaction, then their subtrans-actions should not serialize in an inconsistent order, and the above execution should be prevented. Thus, acorrect merged history should not contain this kind of anomaly. Intuitively, this is because !MH should de-�ne a global serialization order for the global transactions in the merged history. The di�erent local databasesshould thus serialize their global subtransactions in an order consistent with the global serialization order.46



In a serializable merged history, then, !MH forms a partial order called the global serialization order(GSO): GSO = �TM ; <TGS�This is the order in which the global transactions are actually serialized in the multidatabase. The globalserialization order also speci�es the order in which the global subtransactions are serialized in the localdatabases (in a correct execution).4.1.6 Correctness RequirementsWith Interactions, the unit of isolation is the global transaction. Ignoring the issues of durability andcompensation (which are addressed in Chapter 6) we have the following de�nition for correct execution ofglobal transactions in an execution of concurrent Interactions:De�nition 4.1.1 A merged history is correct if it is serializable, and if for each Interaction, <TI �<TGS .The �rst requirement for correctness ensures that the global transactions are in fact atomic. The secondrequirement ensures that the internal consistency of the Interaction, as de�ned by the user, is maintained inits execution on the multidatabase.Theorem 4.1.1 The set of committed global transactions and independent transactions in a merged historyfor some multidatabase is serializable if and only if the following conditions hold:1. The subtransactions of the global transactions on each local database are all serialized in the respectivelocal histories in an order consistent with some unique global serialization order. That is, if any twoglobal transactions Ta and Tb execute global subtransactions on the same local database (call them saand sb), then sa <TLS sb i� Ta <TGS Tb.2. All subtransactions involved in the same global transaction are committed atomically.PROOF: De�ne the merged serialization graph as the graph constructed by taking the union of allof the (acyclic) local serialization graphs and merging all nodes that represent global subtransactions inthe same global transaction. Since no global transaction has more than one global subtransaction on thesame local database participating in it, we are never merging two or more nodes associated with the samelocal database. The resulting graph contains one node for each global transaction, and one node for eachindependent transaction in some local database. It contains all the information concerning serializationrestrictions from all the local databases.First, consider what happens if a global transaction does not commit atomically. Assume global transac-tion T accesses data in two local databases X and Y using subtransactions xa and ya, respectively. Assumewithout loss of generality that the commit of xa happens before the commit of ya. ya may then laterabort, ultimately causing xa to have to be semantically undone. However, the results of xa were visible inX for a span of time, violating the global transaction's atomicity constraints, and therefore also violatingserializability.Now, assume all global transactions are committed atomically. Examine the merged serialization graph.We know2 because the local histories are serializable that no cycles are formed in the merged serializationgraph that are induced by a single local database history. Therefore, all cycles must involve multiple localdatabase histories. However, if all global transactions are serialized on the local databases in the sameorder (the speci�ed global serialization order), then all paths spanning multiple atomic blocks in the mergedserialization graph must reach those atomic blocks in an order consistent with the global serialization order.Therefore, there are no cycles in the merged serialization graph that were induced by the merging process.The merged serialization graph is acyclic, and the merged history is serializable.Now, assume that there is a cycle Na, Nb, . . ., Nn, Na in the merged serialization graph. This cyclemust involve edges induced by multiple local histories, because each local history's own serialization graph isacyclic. For each local database whose transactions are involved in the cycle, �nd a path in the graph inducedby its history that contains all nodes representing its transactions in the cycle. This path traverses the nodes2 [BHG87], p. 33, Theorem 2.1. 47



in the local serialization order for that database. Because there is a cycle, we know that at least one of thesepaths traverses at least two nodes in the opposite order from the global serialization order. Therefore, thelocal database represented by that path did not serialize its global subtransactions in an order consistentwith the global serialization order. 24.2 Interaction SchedulingInteractions' global transactions are allowed to interleave arbitrarily in the merged history; the only orderenforced for them is the order declared by the Interaction speci�er. Given that we can use the mechanismsdiscussed next in Chapter 5 to enforce global transaction atomicity (or any of the other, published schemesdiscussed in Chapter 2), scheduling the execution of the global transactions is fairly simple.Scheduling of Interactions has basically two requirements. The �rst is that the di�erent steps in theInteraction should be executed in the de�ned order and grouped into global transactions as speci�ed. Thesecond is that the serialization order of the global transactions for each Interaction be consistent with theirspeci�ed execution order.4.2.1 Scheduling Global TransactionsAt any speci�c time, the di�erent in-process Interactions in the database have one or more concurrentthreads executing the di�erent tasks and subtasks. The Interaction scheduler maintains these as a set ofactive Interaction threads and a set of waiting Interaction threads. An Interaction thread is in the active setif its next action can be scheduled for execution immediately. An Interaction thread is in the waiting set ifit has no current action to execute.When executing an Interaction, the Interaction Manager basically executes a search to �nd the mostdesirable alternative set of steps that succeeds in accomplishing the task. Since con
ict is enforced at thelocal level by the proper use and ordering of the global subtransactions, we can view each Interaction as anindependently-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 global transaction:1. Choose the highest-priority next global transaction from the current state in the Interaction that hasnot yet failed. If none exists, semantically undo the \parent" global transaction and indicate that thatfailed. This causes alternative global transactions to those attempted at an earlier point to be explored.If we allow the Interaction de�nition to be changed interactively, another option here would be to allowthe Interaction de�ner to specify a new alternative, and then attempt that global transaction.2. Begin the global transaction.3. Try the steps of the global transaction in the de�ned sequence. This involves possibly beginning aglobal subtransaction on the local database, then making a call to some procedure. The argumentsfor the procedure call are taken from the arguments to the action and the information speci�ed by theuser. There are three possible outcomes:(a) The step is aborted. This is not necessarily a failure; for instance it could have been involved in adeadlock. In this case, the step may be allowed to fail, or it may be retried. If the step is allowedto fail, abort this global transaction and go to step 1.(b) The step is not aborted, but the results are that the step failed to accomplish its subtask. Abortthe global transaction (it failed) and go to step 1.(c) The step is not aborted, and it accomplishes its subtask. In this case, the step succeeds and theaction succeeds. Return the results and log them in some stable location.4. Commit the global transaction (it succeeded) and go to step 1.48
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CommittedFigure 4.1: Various forms of current global transaction executions in an Interaction: (a) UncommittedGlobalTransaction B has forked a second execution thread, and has a successor committed Global Transaction C.(b) Same Interaction execution, but in this case, Global Transaction C is restricted to not commit untilGlobal Transaction B commits.4.2.2 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.Any time an Interaction thread is not actively executing a global transaction, it may specify other threadsto join with it. These joining threads must be ones that the thread has in the past (transitively) forked, thusforks and joins for an Interaction are nested. The joining threads must all have completed their executionbefore the join itself can be executed (i.e., they can have no active global transactions). For each joiningthread, if Ty is the last global transaction that executed before the join and Tz is the �rst global transactionto execute on the joined thread, then Ty <TI Tz .4.2.3 Scheduling Global Transaction CommitsWhen the new thread executes its �rst 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 4.1(a). In this situation, if the forking global transaction B were to abort,then global 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:De�nition 4.2.1 (Open Nested Recoverability Property) The open nested recoverability property foran Interaction states that no global transaction can commit until all global transactions that precede it in <TIhave committed.If this property is enforced, situations such as the one in Figure 4.1(a) would be avoided, some delaysin commit processing would occur, and the analogous executions such as the one in Figure 4.1(b) would beproduced instead. 49



4.3 SummaryIn this chapter we discussed the correctness of a history of concurrent Interactions, in the case wherethere is no reactivity (no weak con
icts are violated). First we formally de�ned Interactions and globaltransactions. Then, we used these de�nitions as a basis for de�ning what a correct history should looklike at the global level of the multidatabase (the Interaction History). Intuitively, a correct Interactionhistory should be an arbitrary interleaving of the global transactions of the di�erent Interactions, where eachInteraction's global transactions are ordered in the history consistently with the order the global transactionswere de�ned/executed in that Interaction. The order of the global transactions in the Interaction Historybecomes the global serialization order (GSO) in the multidatabase.Di�erent local databases have their own histories and serialize their own transactions according to theirown concurrency control mechanisms. A single global transaction may execute several global subtransactions,one on each local database. The history of the multidatabase is really a merging of all the local histories, withthe di�erent subtransactions of a global subtransaction labeled as belonging to the same global transaction.A merged history is de�ned to be correct provided that it is serializable and consistent with the InteractionHistory. Basically, this means that the di�erent local databases need to serialize the global subtransactions inan order consistent with the global serialization order. This requirement has been recognized for years [GP86].However, this is the most comprehensive formal treatment of correctness that we have seen.In this chapter we gave algorithms for scheduling and executing Interactions given their 
exible de�nitions.No other such scheduler has been proposed for 
exible transactions, though the algorithm is very similar tothe basic searching algorithms used in Arti�cial Intelligence planners.One last new contribution of this chapter is to de�ne properties on the commitment order of the di�erentglobal transactions in the Interaction to preserve the ability to easily react/replan and easily recover.Basically, we can summarize the two requirements on the execution of an Interaction as follows: (1) itsglobal transactions must serialize in the partial order speci�ed in the Interaction de�nition, and (2) its globaltransactions must commit in the order they are serialized.This chapter provides the foundations for the remainder of the formal work on correctness, synchroniza-tion, and recovery in Interactions. In the next chapter (Chapter 6) we de�ne correctness in merged historieswhere weak con
icts have been violated. In the following chapter (Chapter 5), we expand on the require-ments for correctly executing atomic or semantically atomic global transactions in the multidatabase. Theseglobal transactions are the basic building blocks from which Interactions can be constructed.
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Chapter 5Weak Con
ict Events and ReactivityIn Chapter 4 we argued that Interactions themselves need to enforce a notion of correctness over broadportions of their execution, beyond the simple notions of the atomicity of their global transactions. Inparticular, each atomic global transaction has certain e�ects on the local databases, and these e�ects need tobe preserved to some degree beyond the execution of that global transaction. Potentially, a global transactionmay have e�ects on the local database that should hold up to the time the Interaction commits.Because of this, we introduced the notions of weak con
icts and reactivity to our Interaction model. Aweak con
ict is a condition that is set on the data in the multidatabase during the execution of some globaltransaction, and that should hold beyond the time that global transaction commits. A weak con
ict belongsto the Interaction itself, and de�nes data consistency properties that should hold during the Interaction'slifetime so that its execution remains correct (i.e., maintains the consistency of the underlying task).The second property, reactivity, states that the Interaction must itself react when one of its conditions(weak con
icts) is violated. Reactivity is the basic scheme to maintain Interaction consistency, just asconcurrency control protocols such as two-phase locking are used to maintain the consistency of an atomictransaction. The primary di�erence in approach is that schemes like locking enforce atomicity by preventingother transactions from interfering with the running transaction. Reactivity allows that interference butrequires additionally that the multidatabase be able to evolve an Interaction into a new consistent statewhen a con
ict does occur.In this chapter, we focus on events generated because of weak con
ict violations. We discuss how eventsare detected and reported in the multidatabase. Furthermore, we discuss reactivity, and how we support inthe multidatabase the ability for an Interaction to regain consistency after a con
ict has occurred.5.1 Events and Event ProcessingIn this section, we focus on the role of database events in the execution of an Interaction, including what eventtypes are useful in supporting the requirements of a planning task and how events are speci�ed, detectedand used.An event is an update operation on some piece of information in the database that causes some conditioninvolving that data item to be invalidated (for instance, a 
ight being canceled). There are typically di�erentpurposes for events, including:1. Wait events. These are events on the local database that are explicitly being waited for by someexecution thread (i.e., those speci�ed in a wait command). Wait events are no longer \interesting" assoon as they occur.2. Weak con
ict events. These are events on the local database that indicate that a weak con
ict hasoccurred (i.e., those speci�ed in a current on statement). Weak con
ict events are associated withglobal transactions. When the weak con
ict occurs, the associated global transaction is aborted orotherwise undone. Weak con
ict events cease to be \interesting" when they are no longer relevant tothe Interaction, when the Interaction terminates, or when the global transaction associated with theweak con
ict is semantically undone. 51



The multidatabasemonitors for events and detects them on each local database individually. An Activatorassociated with each local database examines the database periodically to check for weak con
icts, andnoti�es the global level of the multidatabase when a weak con
ict has occurred. When a weak con
ict occurs,the multidatabase must change the Interaction to be consistent with the new multidatabase state. Becausethis change requires executing di�erent alternatives from the ones that succeeded initially, this change requiresunderstanding the entirety of the Interaction de�nition. Because of this, the actual process of deciding howto react to an event occurs in the Interaction storage and management layer (as de�ned in Section 1.6).This layer stores the Interaction de�nition as well as the information on which global transactions in theInteraction have been attempted and which have succeeded in their subtask. This information is requiredwhen deciding how to re-execute the plan, as the multidatabase is essentially continuing the search for thebest feasible alternative.5.2 Compensation-Based ReactivityEach weak con
ict is associated with the global transaction that initially set the condition on the localdatabase. A weak con
ict event indicates that that global transaction's work is now invalid, and that theInteraction must react. In this situation, we call the global transaction associated with the weak con
ict theabort point.When a weak con
ict occurs, the Interaction reacts by considering the global transaction at the abortpoint, as well as the global transactions that transitively depend on it. It is this set of transactions thatmust be brought into consistency with the current state of the multidatabase, and which must further bemade internally consistent. Thus, each of these global transactions must be considered during the reactivityprocess.One obvious approach to implementing reactivity is using compensation. Compensation was �rst de�nedexplicitly in the context of Sagas [GS87]. Recall from the related research section that a correct executionof a Saga looks like a sequence of transactions:T1; T2; � � � ; Tn:If the Saga may also be undone in midstream, the compensating transactions are run in the inverse order oftheir corresponding original transactions:T1; T2; � � � ; Ti; Ci; � � � ; C2; C1:Sagas are fully-ordered sequences of global transactions. We can generalize this concept to open nestedtransaction models where the global transactions are partially-ordered in order <TI , as de�ned for Interactionsin Section 4.1.2. In this case, the compensating transactions must be ordered in the inverse of <TI .The compensation-based reactivity strategy does not consider backing out of the entire Interaction.Rather, it backs out of the Interaction through the abort point, and then continues the Interaction executionfrom the resulting state. Thus, we have a compensation-based algorithm for reactivity that works as follows:Algorithm 5.2.1 (Compensation-Based Reactivity) Input: The abort point.1. Let the invalid portion i of the Interaction be the set of global transactions in the Interaction thatincludes the abort point and all of the global transactions that (transitively) follow it in <TI .2. Compensate for the global transactions in i in the inverse order of <TI .3. Re-execute the Interaction once the compensation is complete.With this algorithm, we assume that compensating global transactions can be generated for each globaltransaction in the Interaction. Recall from Chapter 3 that each global transaction is speci�ed as a sequenceof steps on di�erent local databases. In this work, we assume that each step has an associated compensatingstep, and that the compensating step call can be derived during the step execution from the step's parametersand its return values. We can thus construct and execute the compensating transaction for a committedglobal transaction GT as follows: 52



Algorithm 5.2.2 (Compensating Transaction Execution) Input: The global transaction identi�er GTof the transaction being compensated for. The log of the derived compensating step calls.1. Select from the log, in the order the original steps were executed, the compensating step calls for eachstep executed as a part of GT . This is the sequence C.2. In inverse order, execute the compensating steps whose calls are speci�ed in C.Note the similarities between the execution of the global and compensating transactions in an aborted Saga,and the execution of steps and compensating steps in an undone global transaction.5.3 Problems with Compensation-Based ReactivityUnfortunately, there are several problems with applying the compensation-based approach to the problemif implementing reactivity in the Interaction model. In this section, we give examples of these problems andexamine them in more detail. Then in the next sections we outline the replacement scheme, which avoidssome of these pitfalls.5.3.1 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 [GS87]. While per-sistence of compensation may hold true in restricted situations, it does not hold true in a general opennested transaction environment. Open nested transactions periodically release the resources they hold, al-lowing other database transactions to interleave with their own operation. This release of control by theopen nested transaction implies that the other transactions may do things that prevent compensation fromsucceeding.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. 1In the early work on Sagas [GS87], a concept called recovery blocks was proposed. A recovery blockprovides an alternate method of compensating a particular action, under the assumption that if a particularmethod fails it is because its de�nition was faulty. Recovery blocks work if the compensation is possible, butdo not apply in our Pan Am bankruptcy example.Instead, we propose that compensating steps be speci�ed as prioritized sets of guarded code blocks. Thetop priority code block exactly semantically undoes the original step, provided no intervening transactionshave changed the values of any data items that it reads. Lower-priority code blocks could take alternative,automated steps if certain conditions hold true. These blocks may not semantically undo the transaction atall, but instead take other options to back out of the original work as much as possible. For example, onecompensating code block for buying the ticket could specify that if the airline was bankrupt, a letter shouldbe written to claim the ticket money. If no compensating code blocks succeed, the default could be to allowthe user to �x the problem himself. This ability we call \sloppy compensation".5.3.2 Dealing with Flexible TransactionsFlexible transaction models such as [GGK+90, ELLR90, WR91, Nod93] allow the execution 
ow of an opennested transaction to depend in part on the information in the database. For example, a 
exible transactionmay allow the same goal to be accomplished in di�erent ways, such as getting a United 
ight or a TWA
ight (with United preferred). The di�erences could be fairly signi�cant, such as allowing a person to rent acar and driving instead of 
ying and then renting a car at the destination for local transportation. Anotherway an execution can be made 
exible is to allow non-vital steps, such as renting the car at the destination,to be optional. If the car is not available, do not make a reservation.1Ultimately, compensationmay succeed once the bankruptcy proceedings have completed. However, this process is not verytimely with respect to getting the money back to use on a di�erent 
ight for the trip.53
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Figure 5.1: (a) Distribution of functions in traditional transaction and recovery management. (b) Distribu-tion of functions when managing the execution and recovery of Interactions.With 
exible transaction models, the multidatabase still can determine compensating steps for the onesexecuted, and thus automatically execute compensating subtransactions as needed. However, if the originaltransaction failed due to some real problem, then the re-execution path is likely to be di�erent from theoriginal execution. For example, if a traveler's 
ight is canceled and no other 
ights are available, the logicalre-execution would take the next priority step to try, which is renting a car and driving. Unfortunately, thesenew alternatives are untried, and therefore cannot have been logged in the same way that the compensatingtransactions are logged.Although trying perhaps radically di�erent alternatives to �nd a good plan is not a bad idea initially, it isimportant to be careful when evolving an already existing plan. This is because the plan leaves the travelerwith certain expectations; it makes certain promises. While some divergence from the original plan may benecessary because of unavoidable con
icts, unnecessary divergence can be annoying and counterproductive.Thus, the goal of reactivity is not just to bring the Interaction back to a consistent state, but also to ensurethat the new execution does not diverge unnecessarily from the original execution.Thus, with Interaction reactivity we really need a di�erent architecture than is used by a normal recoverysystem. In traditional compensation-based recovery, the re-execution of the transaction is assumed to beidentical to the original execution. Therefore, the recovery manager can control the re-execution itself. Thissituation is shown in Figure 6.1(a). With reactivity, the re-execution of a particular subtransaction mightwant to attempt to reproduce the original execution. If that does not work, the re-execution path mustbe chosen according to the di�erent alternatives speci�ed in the Interaction, using the priorities originallyde�ned for that Interaction. However, only the alternative that was actually executed originally is known tothe recovery manager. The control of the re-execution must be turned over to the Interaction storage andmanagement module, which must save all of the alternatives originally speci�ed. Along with each storedalternative it notes whether it originally failed, originally succeeded, or was 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.Since the Interaction storage and management module has a record of the original speci�cation, includingall of the alternatives, it can choose an alternative that di�ers from the original one where needed. Thisfeature is an added bonus from having a 
exible transaction model in the �rst place. Also, since theInteraction storage and management module has a record of what originally succeeded, it can make moreintelligent decisions about what not to change from the original execution. This is especially useful whentrying to preserve parts of a plan which were only indirectly a�ected by the weak con
ict. If the new plandoes not in fact change the things that the rest of the plan depended on, then those parts of the originalplan may still be salvageable.5.3.3 Managing Concurrency and State During RecoveryAllowing concurrent subtransactions to run within a single Interaction, and allowing Interactions to maintaininternal state both create new problems in determining what to compensate at a given time, and in what54
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Decrement the budget by the cost
of the hotel.Figure 5.2: Does the traveler get a cheap hotel and an expensive car, or an expensive car and a cheap hotel?order. Concurrency within an Interaction is speci�ed explicitly using the fork and join constructs. Once aconcurrent thread has forked, it can execute atomic subtransactions concurrently with the thread that forkedit. 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) [WR91]. 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 Interaction shown in Figure 6.2. In the initial execution, the traveler books rooms at theSheraton, and gets a Chevette from Ugly Duckling. If the re-execution order is not consistent with the orderthe two subtransactions were originally executed, the traveler's new plans could be to book rooms at theMotel 6, and to rent a Cadillac from Hertz.The recovery manager for the Interaction must maintain enough information about its structure to beable to determine exactly what compensating and re-execution subtransactions to issue and in what orderduring a speci�c Interaction recovery process. The information that should be maintained includes 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.5.3.4 Eliminating Unnecessary WorkDuring compensation work may unnecessarily be undone and redone, causing various undesirable scenarios.Consider again the Interaction from Figure 6.2. If the plane reservations must be semantically undone, say,because a 
ight was canceled, it is likely that the traveler would want the new reservations made for the sametravel days. If this can be done, then why should the hotel and car reservations need to be compensated forand redone anyway, given that nothing about the plane 
ights that is relevant to them has 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 now55



stuck 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 sections de�ne in detail the replacement algorithm for Interactions. We de�ne what it meansfor a history to be correct when replacement has occurred in some Interaction. We give algorithms fordetermining when replacement can occur, and when replacement subtransactions can be eliminated. Wealso discuss the advantages and disadvantages of using the replacement approach for making Interactionsreactive instead of using just compensation.5.4 Replacement OverviewThe compensation-based approach to reactivity is su�cient to bring an Interaction back to a state whereit is consistent with the current state of the multidatabase and also internally consistent. As we saw inthe previous section, however, it fails because it does not attempt to keep as much of the existing workunchanged as possible. Unlike compensation, replacement tries to replace any work in an Interaction thathas become invalid without disturbing unrelated work. If we consider an Interaction to be a partial order ofsubtransactions, then we do not want to disturb una�ected work even if it follows some invalid subtransactionin the partial order.Replacement is based on the fact that the compensation-based approach does correctly evolve an invalidInteraction into a new consistent state. Thus, we de�ne our replacement algorithm based on this compensa-tion strategy. Replacement considers a similar set of steps as would be executed using compensation, if thecompensation were to be done in isolation and if it were to attempt to maintain the status quo whereverpossible. However, replacement tries to eliminate some of the problems by working in a di�erent order andby partitioning the steps into di�erent atomic units.If we examine the 
ow of compensation in the partial order of subtransactions that de�nes an Interaction,we see that like recovery, reactivity has a compensation phase where the subtransactions are semanticallyundone in the inverse of the partial order. This is followed by a re-execution phase, which is done in theoriginal partial order. Replacement is always done in the original partial order. Starting with the invalidsubtransaction, replacement works forward in the order, replacing each function as needed. Each replacementfunction is executed as a single atomic global transaction, with a set of compensating steps followed by a setof redo steps. The entire transaction is called the replacement transaction, and the portion of the replacementtransaction executed on a single local database is called a replacement subtransaction.In the plane and hotel example from section 6.3.4, the compensation-based approach would compensatefor the hotel, compensate for the plane, then re-execute some plane reservation subtransaction followed bysome car subtransactions to get the car reservation and the hotel reservation back. Replacement wouldcompensate for the old plane reservation and make a new one (as a single replacement transaction). Thenif needed, it would compensate for the hotel reservation and make a new one (as a second replacementtransaction), etc.5.5 Replacement CorrectnessWe de�ne a replacement history as correct if, when done in total isolation, it leaves the database in exactlythe same state when it completes as a compensation-based recovery would leave.56



5.5.1 View Commutation in a Projected HistoryIn order to determine if a replacement history is correct, we �rst de�ne equivalence classes on histories, anddetermine tests to �nd out if two histories belong to the same equivalence class. In this section, we explorewhat we call view commutation, which is the process of rearranging a (projected) history into a historythat is view equivalent to some other history. This rearrangement happens during replacement, and a�ectsthe order in which the replacement transactions are scheduled. It also helps us to determine when certainreplacement operations need not be executed. We call the process de�ned here view commutation becausewe allow two (projected) transactions to commute if the commutation does not a�ect their projected viewof the database or of their Interaction's internal state.We give the following de�nitions used in the rest of this section:De�nition 5.5.1 For a given subtransaction T , let� 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 .� T 0 be the sequence of steps in TC concatenated with the sequence of steps in TR, executed atomically(the replacement transaction).De�nition 5.5.2 For any sequence of steps S, let� RV (S) be the set of internal Interaction variables 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 internal Interaction variables 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 5.5.1 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 commutebackwards2 over some projected subtransaction TA. View commutation addresses the question, \If TB wereto execute before TA, would TA do the same thing it would have done had it executed �rst?" Note here thatwe are not looking at transactions that have already been executed, rather we are looking at a schedule forfuture execution.Theorem 5.5.1 (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 .2Commuting 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, so that TB actually executes beforeTA. Commuting backwards succeeds of this does not a�ect the ultimate outcome of TA or TB.57



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 6.5.1). 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 a di�erent value for at least one of these dataitems, causing TA to read a di�erent value for that item. However, as long as the values read by TA remainthe same, its outcome will not be a�ected, by Fact 6.5.1. If R(TA) \W (TB) is empty, then the execution ofTA 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 6.5.1.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. 2.5.5.2 Elimination of WorkIn addition to commuting adjacent subtransactions in projected replacement histories, we also need to beable to determine when a subtransaction should not change the state of the database. Elimination duringreplacement is the process of determining which of the subtransactions that are considered are in fact stillconsistent, regardless of the fact that earlier subtransactions of the partial order have been replaced. That is,if a subtransaction is still consistent, it does not need to be replaced, so we say the replacement transactionexecution can be eliminated. For example, again using the plane and hotel example from Section 6.3.4,changing the plane reservation may not a�ect the hotel reservation at all. Therefore, the subtransaction(s)to compensate for the hotel and remake the 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, the steps involved in re-executing a subtransaction T immediately follow the steps in-volved in compensating for T . Thus, the replacement subtransaction T 0 = TC jTR, where the j means thatthe steps of TR immediately follow those of TC in the execution on the local database. During elimination,the question we ask is, \Can TR do something semantically equivalent to what T did?". If so, then sinceTC semantically undoes what T did, T 0 will just be a big semantic no-op, and can be eliminated.The setting in which elimination works can be seen more clearly by following the diagrams in Figure 6.3.In this �gure, we have an original transaction T , its compensating transaction Tc, and the replacementtransaction Tr. In Figure 6.3(a), T reads input I0 from the multidatabase, executes, and writes output O0.When the compensating transaction Tc is run, the state of the database has changed, so Tc reads the newdatabase state O1 and writes database state I1. Because we are assuming that this is a transaction wherethe compensation and replacement steps are done atomically, we know that I1 is also the state read by Tr.The resulting state written by Tr is yet another state O2.In Figure 6.3(b), we assume that Tc reads the same database state (at least for the subset of the databasestate that contains the data items it accesses) that was in e�ect at the time T committed. Thus, we haveO1 = O0. The compensating transaction Tc is then an exact undo, so we know that the state that it writesshould be identical to the state that T read, so I1 = I0. Thus, the replacement transaction Tr reads thesame database state read by T . If it executes the same code, then the database state at the time it commitsis the same as the state was at the time T committed, so Tc and Tr do not have to be run at all.58
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Figure 5.3: Elimination. (a) Normal situation where elimination does not work. (b) Situation where elimi-nation works.We base our test for elimination on the following theorem:Theorem 5.5.2 (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 Interaction.Proof: First consider the execution of the steps of TC . If TC is exactly compensating T , then TC shouldhave the same write-set that T had. Similarly, the read-set of TC is a subset of the write-set of T . Thesemantic undo will exactly undo T if TC reads the same database state that was left after T (for the relevantportion of 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 6.5.1. 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.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. We also know that, if exact compensation occurs, TC will reverse the e�ectsof T on the database; therefore, the two transactions write the same data items (W (T ) = W (TC)). Theseconditions, combined, 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 higher-priority re-execution paths are valid.59



5.5.3 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 5.5.3 (Compensation-Correct Execution) A complete execution of an Interaction is com-pensation-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 5.5.4 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 5.5.5 (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 Theorems 6.5.1 and 6.5.2.De�nition 5.5.6 (Correctness) A correct replacement-based history contains an arbitrary interleaving atthe subtransaction level of a set of Interaction executions, each of which is view equivalent to a compensation-correct execution.5.6 The Replacement AlgorithmThe replacement algorithm attempts to replace as much of the work done by the invalid portion of anInteraction execution as is possible, while defaulting to a compensation-based strategy when replacement isnot possible. In the worst case, a schedule for replacement is identical to the compensation schedule. Inthe best case, the schedule for replacement atomically replaces only the invalid subtransaction and thosesubtransactions in the invalid portion whose view of the database di�ers from the view that the originalsubtransaction read.In the replacement algorithm we make use of two rules, based on our earlier observations concerningview equivalence and elimination. The �rst is that a subtransaction can be replaced if the following twoconditions hold for it: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.60



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. This is ensured because we restrict the commitorder of the subtransactions to be consistent with the partial order of the Interaction; thus, no uncommittedsubtransaction can have a committed subtransaction as its descendant in the partial order.We assume the presence of a log. The log contains the read- and write- sets (and their values) for eachsubtransaction. Also, we log projected read-and write-sets for the compensating subtransaction. We canproject these read-and write- sets during the execution of the original subtransaction as follows:1. Since the compensating subtransaction compensates for changes made by the original subtransaction,we assume that the write-set for the original transaction is the same as the write-set for the compen-sating transaction.2. The compensating subtransaction should not have to read any data item that it does not write, weassume that the read-set for the compensating transaction is identical to the write-set.3. If the original subtransaction sets a value of a data item relative to its read value, then its read-and write-values are logged as unknown. Otherwise, the read-value is logged as the value the originalsubtransaction wrote, and the write-value is logged as the value the original subtransaction read.Note here that we log the data items and their values that should be read and written if the semanticundo is exact { that is, it has the same e�ect on the local database that a state-based undo would have. Thisis because these data items and values are logged for the purpose of deciding whether a global replacementtransaction can be eliminated, and elimination is not possible unless all compensating transactions actuallycan do an exact semantic undo. Therefore, these logged values su�ce to make the decision. One otheradvantage of this approach to logging is that if the original transaction does a large query, the compensatingtransaction record in the log does not replicate the large read-set.Algorithm 5.6.1 (Test Elimination) Input: Read- and write-sets (and values) from T 's execution, readfrom the log. Projected 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 is projected to be identical to T )compare the projected write-value for TC with the projected read-value for TR (which is the read-valuefor 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:61



Algorithm 5.6.2 (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.(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 5.6.3 (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 6.6.1. If so, do the following:(a) Using Algorithm 6.6.2, view commute T 0 over the compensating subtransactions for all of T 'sdescendants in the partial order, with read-set(T 0) = read-set(T ) [ read-set(TC) and the read-values set 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 commitit. Pass the transaction control to the Interaction storage and management module.(b) The Interaction storage and management module executes a new TR as a part of the same trans-action, and passes control back. 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 6.6.2, 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. 62



4. If there are any subtransactions remaining in the invalid portion, go back to step 1 and try again.Otherwise, allow the Interaction to continue its execution from the current state.Algorithm 5.6.4 (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 algorithm falls into compensation when replacement fails. Compensation(including, where necessary, sloppy compensation) always succeeds in bringing the Interaction back into aconsistent state. Therefore, replacement should always bring the Interaction back into a consistent state aswell.5.7 Replacement ExamplesThis section contains three examples of situations where replacement is invoked, to demonstrate how usefulit is in di�erent situations.5.7.1 Flight Cancellation ExampleLet us examine how the situation described in Section 1.3.3 would manifest itself in the multidatabase, andhow it would be handled. In this example, assume that the 
ights, car rental, and hotel have been booked,but the traveler has not left yet. Furthermore, there are weak con
icts on the existence of the plane, hoteland car reservations 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 storage and management module of the violation of the weakcon
ict.5. The Interaction storage and management module responds by telling the Recovery Manager to rollback the Interaction through the plane reservation and re-execute it.6. The Recovery Manager then semantically undoes the plane reservation global transaction (but doesn'tcommit it). Then, as a part of the same transaction, the Interaction storage and management modulebooks a new 
ight and gets new 
ight information. In this example, we assume that the new 
ightoccurs on the same date as the canceled 
ight. During this process, the Activator is also told to removethe old event from the event table and to place a new event on the existence of the new 
ight into theevent table.� In the old 
ight's airline database, the replacement transaction writes the old reservation infor-mation and the passenger information. 63



� In the new 
ight's airline database, the replacement transaction writes the new reservation infor-mation and the passenger information.� In the Interaction's local variables, the replacement transaction writes the 
ight number, the date,and the time. Note that the date did not change.7. The Recovery Manager tries to view commute the replacement transaction for the 
ight to the frontof the projected history, over the compensating transactions for the car and hotel reservations. Thissucceeds for both. For example, the compensating car rental transaction reads only the the rentalcompany name and the car reservation number from the Interaction's internal variables. The onlywrites it does are to delete the car reservation from the rental company's database and delete therecord of the car reservation from the itinerary.8. The Recovery Manager then commits the replacement transaction.9. The projected information to be read and written by the car and hotel replacement transactions doesnot change the state of the multidatabase. For example, the car rental replacement transaction readsand writes the following information from the multidatabase:� It reads the car reservation information from the car rental database.� It reads the car reservation number, the date the plane arrives, and the date the return 
ightleaves from the Interaction's internal variables.� It writes the new (identical) car reservation information to the car rental database. We knowit is identical because the car reservation information read and the information read from theInteraction's variables is identical to what was written by the original car rental transaction.� It writes the car reservation number into the Interaction's internal variables.this means that the replacement transactions for the rental car and the hotel can be eliminated fromthe recovery execution.This entire process is shown in Figure 6.4.Eventually, the customer takes the outgoing 
ight. At this point, the Interaction execution continues asfollows: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 thisto the Interaction storage and management module. The Activator then removes this event from theevent table.4. The Interaction storage and management module receives the notice, and continues executing theappropriate Interaction thread. This causes the travel agent's database to be updated.5. The Interaction storage and management module cancels the weak con
ict on the outgoing 
ightreservation, because the speci�ed execution span of the weak con
ict ended with the completion of theplane 
ight.5.7.2 Ferry ExampleAn example where the replacement plan diverges quite a lot from the original plan is shown in Figure 6.5.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 he needs 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 iscanceled, and the best 
ight to replace it is on another airline. Thus, the traveler cannot get the free rentalcar, and does not have to make the ferry reservation any more.64
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Figure 5.4: The replacement process for the plane, hotel, and car example. In each stage, the end of thecurrent history is delimited by a dashed vertical bar, and the projected execution follows that bar. Boxesdelimit atomic sequences of steps. If two boxes abut each other, the two sequences of steps they representare concatenated together into a single atomic transaction.65
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Figure 5.5: Example: Frequent 
yer miles give traveler a free car rental, requiring ferry reservations to bemade for the rental car.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 6.6(a). Fig-ure 6.6(b) shows the projected compensation-based execution; the actual execution should be equivalent tothis one.At the point in the scheduling shown in Figure 6.6(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 6.6(d), the ferry needs to be dealt with. The compensating transactionfor the initial ferry reservation commutes over the hotel reservation, since the two have nothing to do witheach other. Then, the replacement process notes that the hotel replacement transaction would not changeanything, and thus it can be eliminated from the replacement history. The �nal history after replacementcompletes is shown in Figure 6.6(e).5.7.3 Budget ExampleIn the budget example from Section 1.3.2 a careful budget is being kept, and the trip must cost less thanthe budget. In this situation, replacement is constrained by data access. Even though the transaction to getthe hotel and the transaction 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 to bring the Interactionback to a consistent state. This is because every original transaction, every compensating transaction, andevery re-executed transaction read and change the budget variable. Thus, each such transaction must readfrom the previous such transaction. Therefore, no transaction executed during replacement can commuteover the previous transaction, and the replacement order deteriorates to be identical to the compensationorder.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.66
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5.8 SummaryIn this section, we discussed the basic theory behind making Interactions reactive. We discussed howevents are speci�ed and detected in the multidatabase. We described a way to implement reactivity usingcompensation. This approach has several problems, but nonetheless serves as a basis for de�ning correctnessof reactive Interaction executions.The major problems with using compensation for reactivity have to do with the fact that valid reservationsare lost when compensating transactions are run and committed, and that the replacement execution candiverge unacceptably from the original execution. We proposed a di�erent algorithm for reactivity, calledreplacement. Replacement di�ers from the compensation scheme in that it processes invalid work in theorder that it was originally executed, attempting to replace the invalid transaction and the transactions thatdepended on it originally as needed. It also attempts to undo and redo speci�c transactions atomically, socontrol over speci�c data items is not lost.We de�ned correct reactive Interaction execution as the set of executions that are view equivalent to anexecution that is correct and uses a compensation strategy. View equivalence means that the transactionsin the Interaction execution can view commute the steps to form a compensation-correct execution, if exe-cuted in isolation from all other transactions on the multidatabase. If a set of compensating steps followedimmediately by a set of redo steps combines to have no e�ect in the multidatabase, the execution of thosesteps can be eliminated from the reactive execution.One other di�erence between the replacement approach to reactivity and the compensation approach ishow the reactive part of the execution is divided up into global transactions. The compensation executiondoes the compensation for some original transaction as one global transaction, and the re-execution as aseparate global transaction. The replacement approach does the compensation and re-execution as a singleglobal transaction.This chapter concludes our theoretical discussion of Interaction correctness. In the next chapter wediscuss how to enforce global transaction atomicity in a multidatabase. This is a necessary prerequisite forInteraction correctness as we have de�ned in these last two chapters.
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Chapter 6Global Transaction AtomicityFrom Theorem 4.1.1, recall that the two requirements that the multidatabase must ful�ll to ensure globaltransaction atomicity are (1) it must serialize the global transactions in a consistent order on all localdatabases, and (2) it must enforce an atomic commit protocol. If we relax the global transaction to onlyrequire semantic atomicity, then only a semantically atomic commit protocol is required.This chapter explores how these two requirements can be ful�lled in the multidatabase. We emphasizegeneral principles rather than presenting new, speci�c algorithms. Chapter 2 describes many speci�c algo-rithms that can be used to support global transaction atomicity as required for Interaction correctness. Inour work, we provide a framework for understanding, classifying, and building real multidatabase systemsthat require global transaction atomicity.In the �rst section, we provide a general approach to maintaining a consistent serialization order on alllocal databases. This section parallels work done by Elmagarmid and Du [ED90]. In the second section wediscuss atomic and semantically atomic global transaction commitment. We give a complete theory as towhen and how it can be allowed. We also present two new semantically atomic commit algorithms.In this chapter, we assume that each global transaction has at most one global subtransaction on a givenlocal database. We also assume that the local databases ensure transaction atomicity. We assume (fromthe architecture described in Section 1.6) that there is a single layer at the global level of the multidatabasethat coordinates global transaction execution. We call the module that executes in this layer the GlobalTransaction Manager (GTM). We also assume there is an extension of the multidatabase associated with eachlocal database, whose job is to coordinate the execution of each global subtransaction that runs on that localdatabase. This piece we call the local database's Agent. The Agent also intercepts other (non-multidatabase)communication with the local database as needed to maintain correct operation in the multidatabase.6.1 Global Serialization OrderCorrect operation of the multidatabase requires that the subtransactions of the di�erent global transactionsbe executed in a consistent order on all of the local databases. This can be done using one of two methods.One method is to have the Global Transaction Manager de�ne a global serialization order, which is toldto the Agents. Then the Agents are responsible for enforcing that order. We call this a normal scheme.Alternatively, the Agents could determine on the 
y (using their knowledge of their local database's protocols)in what order the local database is serializing its subtransactions. They then each could inform the GlobalTransaction Manager of their local order, so it can detect inconsistencies and abort global transactions asneeded. We call this a certi�cation scheme. Examples of existing normal schemes and certi�cation schemeswere described in Chapter 2.6.1.1 Normal SchemesIn a normal scheme, the Global Transaction Manager dictates a global serialization order to the Agents, andthe Agents enforce that order on their respective local databases. The basic structure for an algorithm thatfollows a normal scheme is shown in Figure 5.1. 69
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2. Check GSOFigure 6.1: Normal algorithm for ensuring consistent global serialization order.With a normal scheme, the Global Transaction Manager uses some consistent method to determine theglobal serialization order. For example, it could dictate that the order be the same as the order in whichthe global transactions begin. Alternatively, it could use the order in which the global transactions commit.Regardless, the order dictated by the global transaction managers is of necessity the one enforced betweenthe global subtransactions on the local databases.Since the multidatabase is heterogeneous, di�erent data items in the multidatabase may be protectedusing di�erent concurrency control schemes. Therefore, di�erent types of Agents may coexist in the multi-database, one for each concurrency control strategy used by some local database. However, since the purposeof the Agents is to enforce a consistent serialization order, and since this (along with atomic global trans-action commit) is a su�cient requirement for a correct merged history, the diversity of concurrency controlschemes should not impact the ultimate consistency of the global database.The normal schemes de�ned here for enforcing consistent global serialization order in the local databasesare similar to the one used by Elmagarmid and Du in [ED90]. The basic idea is to determine for each globalsubtransaction what its serialization point is. This is the point at which the transaction's position in thelocal database's serialization order is �xed by its concurrency control protocol. A discussion of the di�erentserialization points for di�erent local concurrency control schemes is discussed in Section 5.1.3.In the remainder of this section, we examine our generic approach that works with local databases thatuse all types of concurrency control. Unlike forced local con
ict [GRS91], this approach is less intrusivebut very ine�cient. We observe that the global serialization order can be enforced by not allowing anysubsequent global subtransaction to begin until after the current one has reached its serialization point. Thegeneric scheme delays beginning a subsequent transaction until after the current one would have reached itsserialization point in any local database concurrency control scheme. Thus, we can trade o� concurrency ofglobal subtransactions for generality.Unfortunately, the real problems occur when the local concurrency control schemes normally allow moreconcurrency, such as with serialization graph testing or timestamp ordering. The following theorem indicatesthat a general approach is impractical:Theorem 6.1.1 Given an in�nite number of data items in a database, an execution of any arbitrary numberof transactions can be constructed in which the serialization order is inverted from the execution order.Proof: We will show this by induction. (Base case) Suppose that we have an execution of three transac-tions Ta, Tb, and Tab, where Ta commits before Tb begins. Let Tab be a transaction whose execution overlapsthe execution of both Ta and Tb. This situation is shown in Figure 5.2. In this �gure, reads-from relationshipsbetween transactions are indicated by arrows. If the local database's concurrency control protocol allowsTab to read from Ta, and similarly allows Tb to read from Tab (for example, if it is based on SGT), then theserialization order would be Tb Tab Ta, even though Ta completely precedes Tb in the execution order.(Induction Step) Suppose we have a chain of transactions Ta . . . Tm, all of whom ran serially with respectto each other, and have committed in the local database. Say their serialization order has been inverted bythe execution of other transactions in the manner described in the base case. Now, say another transactionTn begins, and there is also a transaction Tmn whose execution span overlaps those of Tm and Tn. Then if70
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TimeFigure 6.2: Execution order for a set of transactions where the serialization order di�ers from the executionorder.Tmn reads from Tm, and Tmn reads from Tn and no other transactions in the execution, then Tn will precedeTm in the serialization order. 2Because this arbitrary inversion can occur, the general method needs to be really restrictive. The approachis for the Agent to delay passing any command to begin a subsequent global subtransaction in the serializationorder until the following conditions hold:1. The previous global subtransaction has committed.2. There has been a point in time in the execution on the local database after the previous global sub-transaction commit where no transactions are running at all (a lull).These conditions su�ce because overlapping transactions are required for the local database to be able toserialize its transactions in the inverse of the order in which they are executed. To ensure that these lullsoccur, once a global subtransaction has committed, the Agent may delay passing on any command thatbegins any new independent transaction or global subtransaction until all transactions that were concurrentwith the global subtransaction have committed or aborted. Alternatively, we can avoid exerting control overthe input stream to the local database, and just wait for the lull to occur.Note that we can bypass the long wait or the enforcement of the lull in situations where we know that thenext global subtransaction reads from the previous one, or has a sharing relationship as de�ned in [ZE93b].In that case, we can schedule the two global subtransactions concurrently, and merely ensure that theycommit in the global serialization order. However, this may be hard to do in practice without examining theinternal structure of the global subtransactions.6.1.2 Certi�cation SchemesCerti�cation schemes di�er from normal schemes in that they take an optimistic approach towards ensuringconsistency in the global serialization order. Rather than dictating a global serialization order, certi�cationschemes allow the local database to serialize global subtransactions without interference. However, they dorequire that inconsistently-ordered global subtransactions eventually be aborted. Thus, at global transactioncommit time the multidatabase must either certify that the global transaction is ordered consistently on alllocal databases or it must abort the global transaction.In a certi�cation scheme, each Agent deduces the serialization order of the global subtransactions on itsown database from its knowledge of the database's concurrency control strategy and from its observation ofcertain events in the execution of the global transactions themselves.The way that an Agent deduces the serialization point of a transaction on the local database depends onthe concurrency control method of the underlying database. The di�erent serialization points are describedin Section 5.1.3. We assume that the Agents can observe certain types of event in the global subtransactionexecution, such as subtransaction begin and commit. Each local database's Agent observes the event thatcharacterizes its underlying database's serialization point. When a subtransaction executes its serializationevent, the Agent reports the global transaction ID of its associated global transaction back up to the GlobalTransaction Manager. The Global Transaction Manager gathers these orders from each Agent, checks for71
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2. AbortFigure 6.3: Certi�cation algorithm for ensuring consistent global serialization order.inconsistencies, and aborts global transactions where needed to ensure that a consistent order is generatedon all local databases.Certi�ers traditionally check the validity of a transaction at its commit time. Because of the nature ofcerti�cation in general, the Global Transaction Manager should also certify its global transactions at committime. Most local databases have concurrency control schemes that determine their serialization order isdetermined at the latest at commit time. However, in the cases where this is not necessarily true, forcedlocal con
icts [GRS91] can be used to constrain the serialization order of the global transactions before theglobal transaction commit is processed.How inconsistencies in the di�erent local serialization orders are dealt with depends on the global serial-ization order that is being enforced. Two logical orderings to choose for the GSO are the global transactionbegin order or the global transaction commit order. In each case, the Global Transaction Manager decidesthat a particular global transaction T is ordered consistently at T 's commit time. At T 's commit time, ifT 's subtransaction is the �rst uncommitted transaction in each of the local databases that T executed on,then T is ordered consistently and can commit. If not, then transactions need to be aborted for the orderto become consistent. If the global serialization order is consistent with the global transaction begin order,then all global subtransactions that precede T in any local serialization order (and their respective globaltransactions) must be aborted before T can commit. If the global serialization order is consistent with theglobal transaction commit order, then T itself must be aborted.6.1.3 Serialization PointsIn this section, we examine speci�c concurrency control strategies to see whether some approach that istailorable to the individual local database works for any of them. This is motivated by the fact that, if theAgent knows something about its local database's concurrency control scheme, it may be able to deduceand/or manipulate the order in which the local database serializes the global subtransactions. This knowledgecan be used in implementing either a normal scheme (to manipulate the local serialization order) or in acerti�cation scheme (to deduce the local serialization order) to enforce a consistent global serialization order.The di�erent concurrency control strategies we examine here are described in [BHG87]. We �rst examinethe rigorous 2PL, then timestamp ordering and serialization graph testing. We also examine strict variants(that do not always serialize transactions in their execution order) and basic variants (which are, in general,not recoverable), as well as relevant conservative variants (which predeclare their read and write sets).6.1.3.1 Rigorous 2PL DatabasesIn rigorous 2PL, a transaction takes locks on the objects it accesses up to the commit point, and all locks arereleased during the commit itself. Each rigorous 2PL transaction reaches its serialization point at the endof its growing phase, when all of its lock requests have been granted. However, it is di�cult in practice toobserve when a transaction takes its last lock. The job is made simpler by observing that if two transactionsoverlap in the time that they both have been granted all of their locks, their serialization order must beindeterminate. Therefore, any point between the time the last lock is granted up to and including the time72



the �rst lock is released can be chosen to be the serialization point. In rigorous 2PL, we choose the commitpoint, because all locks are released during commit and it is easy to observe. Thus, rigorous 2PL agentsallow multiple global transactions to run concurrent subtransactions in the same local database as long asthe subtransaction commits are passed to the local database in the global serialization order.Note that if all of the local databases in the multidatabase use rigorous 2PL as their concurrency controlstrategy, and the global transactions commit atomically, then the Global Transaction Manager does not needto explicitly specify a global serialization order. Rather, the global serialization order is always the globaltransaction commit order.6.1.3.2 Timestamp-Ordered DatabasesIn Timestamp Order (TO) databases, a transaction is issued a timestamp when it begins, and the localdatabase enforces a serialization order identical to the timestamp order. In this case, it is su�cient to ensurethat the timestamps on the global subtransactions are ordered according to the global serialization order.Since timestamps are assigned when the transaction begins, it is su�cient to begin the global subtransactionsin the global serialization order of their respective global transactions.One problem with TO schemes occurs when the local database automatically restarts a transaction thathas aborted due to a con
ict. In this case, the restarted transaction would have a new timestamp, whichcould change its serialization order in the local database. If this can happen, the Agent would have to useone of the general schemes de�ned above, because it would have no way of deducing or a�ecting the restartedtransaction's position in the serialization order.6.1.3.3 Serialization Graph Testing DatabasesIn a Serialization Graph Testing (SGT) database, a serialization graph is maintained that makes the serial-ization order explicit. A history is serializable if the graph is acyclic. If an edge is added that completes acycle, the transaction is aborted.The problem with serialization graph testing is that the serialization point for a global subtransactionmay occur outside of its lifetime [ED90]. This is because arcs can be added from the node representinga transaction in the SG even after the transaction commits. With serialization graph testing, the generalapproaches described earlier are unfortunately the only way to ensure that the local serialization order isconsistent with the global serialization order.6.1.3.4 Strict and Basic DatabasesThe strict and basic 2PL methods of concurrency control both allow a transaction to release its locks beforeit �nishes executing. For example, a basic 2PL database transaction has a growing phase, when it takeslocks, and a shrinking phase where it releases them. A strict 2PL database only allows read locks to bereleased early. With these schemes, we know that the serialization point is at the end of the growing phase.However, by the same argument we used with rigorous 2PL, we can choose the e�ective serialization pointin a strict or basic 2PL database to be the time of the �rst unlock.We see also that with these schemes, there is a gap of time before the commit where the transactionhas released some resources that other transactions can access. This means that basic databases allowcascading aborts. Therefore, the Agent also should delay passing on a commit for any subsequent globalsubtransaction in the global serialization order until all transactions on the local database that preceded theglobal transaction have committed or aborted. This ensures that the global transactions avoid cascadingaborts.6.1.3.5 Conservative 2PL and SGT DatabasesIn the conservative schemes, each transaction is required to predeclare its read set and write set. Withconservative 2PL, the Agent can submit a global subtransaction once all earlier global subtransactions inthe global serialization order have executed their �rst instruction. At this point, we know that all earlierglobal subtransactions have completed their growing phase. If the new global subtransaction con
icts, itsexecution is blocked by the local database until it can obtain all of its locks. Otherwise, it is independent73



of any running global subtransaction, and therefore can always be serialized after all of them in the localdatabase.With conservative SGT databases, the Agent can maintain an accurate shadow of the local serializationgraph, because it knows each of its transaction's read and write sets at the time the transaction begins. Thus,the next global subtransaction in the serialization order can be submitted once the shadow serialization graphin the Agent indicates that the subtransaction will be serializable. A similar approach is used with Request-Ordered Linked Lists [PRR91].6.2 Atomic and Semantically Atomic CommitThis section describes our theory concerning atomic and semantically atomic commitment in multidatabases.Based on this theory, we also present two new semantically atomic commit algorithms.Semantic atomicity di�ers from normal atomicity in that it does not require a state-based undo. Rather,it maintains a notion of semantically reversing the e�ects of a transaction. With a semantic undo, othertransactions may interleave their operations between the original operation on a data item and its compen-sating operation. Thus, the undo may not bring the database back to its original state. Rather, it bringsthe database back to some state that is semantically equivalent to the state that would have been reached ifthe original transaction had not been executed at all.6.2.1 Compensation and Retry PropertiesWhen problems occur during a global transaction commit, there are two approaches used to regain globaltransaction atomicity. One is to compensate for any committed work in a global transaction that needs tobe undone. Another approach is to retry any subtransactions that did not commit in a global transactionthat has already decided to commit.Following the approach in [MRKS92], we introduce properties related to subtransactions and their abilityto be compensated for or retried.De�nition 6.2.1 (Compensatable) A global subtransaction is compensatable if its compensating sub-transaction will always succeed, regardless of the state of the local database.De�nition 6.2.2 (Retriable) A global subtransaction is retriable if it can always be reexecuted successfullyregardless of the state of the local database.Examples of compensatable subtransactions include a read-only transaction (which has a null compen-sating subtransaction), and a withdrawal (because the success of the compensating deposit does not dependon the state of the particular bank account). Similarly, a read-only transaction is retriable, as is a deposit.Note also that any global subtransaction can be both compensatable and retriable, or it can be just one, orit can be neither.We de�ne a subtransaction as provisionally compensatable or retriable if the success of the compensatingsubtransaction or the retry subtransaction does depend on the state of the underlying database. For example,a deposit is provisionally compensatable; as long as no one withdraws the money in the interim it can becompensated for. Similarly, a withdrawal is provisionally retriable.Given that every subtransaction that can be compensated for has a compensating subtransaction de-�ned for it, we can also specify the following theorems that relate the structure of a transaction and itscompensating subtransaction to its properties:Theorem 6.2.1 A global transaction is compensatable if compensating code can be speci�ed and executed,and there are no conditional branches in the compensating code that depend on information read from thedatabase.Proof: Given that compensating code for the subtransaction can be speci�ed and executed, we knowthat compensation can take place if the compensating subtransaction serializes directly after the originalsubtransaction in the local database history. This is basically equivalent to undoing that transaction, as noother local transaction or global subtransaction ever sees the e�ect of the original subtransaction.74



If there are global subtransactions and/or local transactions serialized in between the subtransactionand its compensating transaction in the local database history, then these transactions may see the e�ectsof the original subtransaction. Worse, they may change the values of data items that the compensatingsubtransaction may later read. Given that there are no conditional branches in the compensating codewhose decision is based on the state of the database, then the compensating subtransaction is e�ectively(with respect to the local database) straight-line code and should run to completion despite these changes.2Theorem 6.2.2 A global transaction is provisionally compensatable if compensating code can be speci�ed,even if it has conditional branches in the compensating code that depend on information read from thedatabase.Proof: The �rst part of this proof follows from the �rst paragraph in the proof of the previous theorem.However, given that there may be global subtransactions and/or local transactions that can serialize betweenthe original subtransaction and its compensating transaction, we must also assume that these transactionsmay change the values of data items read by the compensating subtransaction. If any of these changedvalues a�ects the decision made at some conditional branch, then the compensating code may not directlycompensate for the original subtransaction and/or may not run to completion. However, if those values donot change in a way that a�ects the decisions at the conditional branches, then compensation could succeed.2 Note that we assume here that if a compensating subtransaction can be executed, it has permission toexecute as well. Also, we assume that code that has no conditional branches that depend on the databasestate also calls no subroutines that have conditional branches that depend on the database state.Theorem 6.2.3 A global transaction is retriable if there are no conditional branches in its code that dependon information read from the database.Theorem 6.2.4 A global transaction is provisionally retriable if there are conditional branches in its codethat depend on information read from the database.The proofs of these two theorems are analogous to the proofs of the theorems about compensatablesubtransactions.One last thing we need to consider with respect to compensation and retry is what we gain if a sub-transaction is running on a local database that supports a visible prepared state that could be used by thecommit protocol. With respect to a prepared state, we have the following theorem:Theorem 6.2.5 A subtransaction in a local database that supports a visible prepared state can always beconsidered to be compensatable. However, its retry properties must depend on the structure of its code.Proof: From De�nition 5.2.1, we know that compensatable subtransactions can always be semanticallyundone even after they commit in the local database. During a global commit, compensation will never beinvoked by the commit algorithm once a global commit decision has been made. Thus, we can bound thetime compensation may possibly be invoked as follows: it begins when the subtransaction commits in thelocal database and ends when the global transaction makes its decision to commit or abort.We can emulate compensatability using the visible prepared state. When a local commit decision is made,we put the subtransaction in the prepared state. This guarantees that the subtransaction will eventuallycommit. Once the global decision is made, the subtransaction can commit or abort from the prepared state.Retriable subtransactions can always be executed successfully, though early failures may cause the sub-transaction to be re-executed several times. There is no way to use the prepared state to emulate a re-execution of the subtransaction. Therefore, the subtransaction's retry properties must be inherent to thesubtransaction and not dependent on support from the local database. 26.2.2 Protocols Used During Commit in MultidatabasesThere are di�erent kinds of protocols used in making a commit protocol atomic or semantically atomic ina multidatabase. In this section, we give a general classi�cation of the protocols used according to theirfunction during commit. For each class, we also give examples of di�erent instances of that protocol thathave actually been proposed for di�erent multidatabase commit schemes.75



6.2.2.1 Agreement ProtocolsAgreement protocols are those used to enable the set of subtransactions in a global transaction (or somecritical subset thereof) to come to a uniform decision on whether or not the transaction should commit. Thisdecision cannot be revoked once it is made.The most common example of an agreement protocol used for multidatabases is two-phase commit [BHG87].In two-phase commit, a centralized coordinator asks each global subtransaction to vote whether to commitor abort. Just one \abort" vote from a global subtransaction implies that the whole global transactionaborts. The central coordinator makes the �nal decision and passes the result back to the local databases,who enforce the decision.A second example of agreement protocols is Byzantine agreement [PSL80, Fis83]. Byzantine agreementprotocols are less biased, in that \abort" votes must be received from some fractional subset of the globaltransactions before a global \abort" decision is made. They are meant speci�cally to work in failure-proneenvironments. As far as we know, Byzantine agreement has not been proposed for a multidatabase commitprotocol. Intuitively, Byzantine agreement is probably quite a bit more complicated to implement correctlythan two-phase commit, given the local database autonomy constraints.6.2.2.2 Blocking ProtocolsWhile an agreement protocol is executing, the global subtransactions need to maintain certain guarantees asto their ability to enact the �nal decision of the global transaction. This problem is made more complicatedby the fact that the local decision on the local database is assumed to be independent from the multidatabasedecision, because of the local database autonomy constraints.In a normal distributed database, the prepared state acts to prevent any unwarranted problems duringthe global decision process. When the subtransaction on the local database enters the prepared state, thelocal database ensures that the subtransaction satis�es all of the database's correctness criteria, and thereforewill commit. The local database also guarantees that the ability to commit persists even if the local databasecrashes. During the period the subtransaction is in the prepared state, the local database guarantees thatno other transaction does anything to compromise the correctness of the subtransaction. Thus, when the�nal decision is made globally, that decision can de�nitely be enforced locally. Because the prepared stateis preventing other transactions from interfering with the current subtransaction's eventual decision, we callthis a \blocking protocol".In a multidatabase we cannot guarantee that a the local database provides the ability for the multi-database to put the subtransaction into the prepared state (i.e., the local database may not have a visibleprepared state). Thus, the multidatabase must provide other protocols to block other transactions frominterfering with its subtransactions during the period the information is being collected to make the globaldecision and also while that decision is being made and the results passed to the local databases.Both active and passive blocking protocols have been proposed for multidatabases. An active blockingprotocol is one that needs to be \turned on" and \turned o�". A passive blocking protocol implements a low-level �ltering at all times. The most widely-proposed examples of a passive blocking protocol partition themultidatabase according to what can be accessed in what ways by the global and local transactions [BST90,MRKS91, MRB+92a]. Basically, the partitioning allows the global multidatabase transactions to proceedwithout unwanted interference from the local transactions.Several examples of active blocking protocols have been proposed. For example, in Hydro [PRR91], notransactions are allowed to pass operations to the local database while a global commit decision is beingmade. This type of blocking protocol requires that the multidatabase can intercept the local transactions,at least to the point where they can be delayed. Mullenet al. [MJS] propose a reservation protocol wherethe global transactions use additional data in the database to reserve the resources they need. Mullen'sprotocol requires all transactions, including local ones, be modi�ed to test the reservation information. Athird example of a blocking protocol is the denied local updates proposed for the 2PC agent method [WV90].This involves slightly modifying the local databases to prevent other transactions frommaking updates whilea global commit decision is being made.While blocking protocols are required for many (but not all) global transaction commits, they do requireviolating the local database autonomy. Denied local updates require modifying the local transaction man-agers themselves. Hydro requires violating the control autonomy of the local database; that is, controlling76



how the local databases receive their inputs from all of their users. Partitioning and the reservation schemeboth require modifying the local database schemas. Mullen's reservation scheme also requires modifying alllocal and global transactions to ensure that they honor the reservations.6.2.2.3 Strati�cation ProtocolsIn semantically atomic commit protocols, other transactions may see committed work of some transactionthat is later undone. The constraint is that another transaction (global or local) should see either thecommitted e�ects of that transaction in all of the local databases, or it should see those e�ects in noneof them. It should never read from both the committed global transaction on one local database, and theundone transaction on a di�erent local database.We call protocols that ensure this type of semantic atomicity during compensation \strati�cation pro-tocols" after the Optimistic Control Protocol work by Levy et al. [LKS91a]. Strati�cation basically meansthat, where compensation is used to back out of a global transaction in a multidatabase, semantic atomicityis maintained.Most multidatabase commit protocols that use compensation ensure strati�cation by making the com-pensating global transactions atomic. Levy's work gives two other protocols for strati�cation that are morecomplex, but allow for greater concurrency.6.2.2.4 Serialization ProtocolsIt is well-known that one requirement for global transaction consistency in a multidatabase is that the di�er-ent global subtransactions serialize consistently with the serialization order of the global transactions [GP86].There are many techniques proposed to enforce this consistency during global transaction execution.One problem with commitment of multidatabase transactions is that some commitment schemes allow aglobal commit decision to be made before local commitment of a global subtransaction is certain. In theseschemes, the global subtransaction may need to be re-executed if a global commit decision is made, but theglobal subtransaction gets aborted (e.g., because of a process failure or a concurrency control violation).In this case, it is not always certain that the new global subtransaction will serialize in the same place inthe global serialization order that the original global subtransaction serialized in. In fact, if later globaltransactions have been serialized after the one that has committed, then these transactions may need to beaborted if they executed on a local database that is re-executing some subtransaction of some earlier globaltransaction.Serialization protocols ensure that, during any phase in a global commit protocol that follows the globalcommit decision (i.e., any phase that relies on retrying subtransactions), the retry transactions are serializedcorrectly in the global serialization order.The most common serialization protocol is that, when some subtransaction aborts, all other globalsubtransactions that follow it in the global serialization order and that have already reached their serializationpoints must also abort, e.g., Hydro [PRR91].Note here that, in all cases, a global transaction must complete its commit before any con
icting1 globaltransaction that follows it in the global serialization order initiates its commit. Since the retry subtransactionexecution may a�ect subsequent con
icting global transactions, those cannot commit until the earlier onesare complete. Therefore, they cannot yet return a \yes" vote in the voting phase.Serialization protocols may be used in conjunction with blocking protocols to prevent other local trans-actions and global subtransactions from acquiring resources required for retry.6.2.3 Subtransaction Information Flow and Its PropertiesTo understand the commit properties of global transactions, we �rst need to examine information 
owbetween the subtransactions in the global transaction being committed. Let the subtransaction information
ow (SIF) be a relationship (T;!F )1Con
icting subtransactions are ones that are executing concurrently on the same local database. These by de�nition aresubtransactions of other global transactions. Because we do not assume that the multidatabase can determine the read andwrite sets of all transactions on a local database, we cannot adopt any stricter notion of con
ict.77
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icting steps Sa and Sb, respectively, and Sbreads information local to the global transaction that Sa wrote.Note that the relationship !F may contain cycles, if subtransactions mutually read from each other.For the purposes of this discussion we begin with the assumption that the subtransaction information 
owrelationship !F is acyclic. Later we will make extensions to deal with cycles in !F . We also assumethat there is a begin marker in the subtransaction information 
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Proof: Since it is the maximum subgraph, any predecessors to its nodes are either provisionally retriable,not retriable at all, or have a (di�erent) successor that is not retriable.If a predecessor is not retriable, then a global commit decision could not be made, because there is noprovision (semantically) to insist that the global subtransaction's e�ects persist in the local database.If the predecessor is provisionally retriable, then making a global commit decision before it commitswould leave the global transaction open to the risk that some intervening transaction would change the stateof the local database such that the retry would not succeed. Therefore, conditions would have to be placedon the local database's execution to ensure that the retry subtransaction would read the same local databasestate.If the predecessor has some successor that is not retriable, then making a global commit decision leavesopen the risk that the predecessor will abort and need to be retried. If the predecessor is not retriable, thisis not an option. However, if the predecessor is retriable, it will be retried along with all of its successors.Given that a successor exists that is not retriable, this retry process will fail.26.2.4.2 The Pivot SubgraphThe pivot subgraph contains those transactions for which an atomic global commit protocol must be followed.Because G is a directed acyclic graph, the pivot subgraph is also a directed acyclic graph. Because of this,we can use a framework similar to the global transaction framework above to critically examine the pivotsubgraph to determine its internal properties and how they would a�ect an atomic commit protocol.In dealing with the pivot subgraph, we examine the maximum provisionally compensatable subgraph todetermine which subtransactions can conditionally commit before a global decision is made. We examine themaximum provisionally retriable subgraph to determine which subtransactions can conditionally be retriedafter a global decision is made. Because of these conditions, however, a blocking protocol must run on thelocal database. If the subtransaction on that database is provisionally compensatable, the blocking protocolmust run from the time the local commit is done to the time the global decision is made. If the subtransactionon that database is provisionally retriable, the blocking protocol must run from the time the global commitdecision is made to the time the subtransaction commits.The subtransactions in the pivot subgraph may be neither provisionally compensatable, provisionallyretriable, compensatable or retriable. Such subtransactions we call pivot subtransactions. An example of apivot subtransaction would be one that �res a missile.Intuitively, we can see that if a global transaction has more than one pivot subtransaction, it cannotbe atomically committed. This is because the pivot subtransactions need to make a unanimous decision.However, their decisions are made independently. Once a pivot subtransaction has made a decision, it cannotchange its mind. Therefore, there is no provision for recovery if a pivot subtransaction makes an independentdecision that di�ers from the global decision.For atomic commit of the pivot subgraph, we partition the nodes in the pivot subgraph into threecategories. The �rst contains nodes that are in the maximum provisionally retriable subgraph of G. Thesecond partition contains nodes that are also in the maximum provisionally compensatable subgraph. Thethird partition, called the pivot subgraph's pivot, contains the remaining nodes in the pivot subgraph. Thesenodes are neither in the maximumprovisionally compensatable subgraph ofG nor the maximumprovisionallyretriable subgraph of G.Figure 5.7 shows the pivot subgraph's pivots for the global transactions in Figure 5.6.Note here that the pivot's pivot may contain multiple subtransactions, but they are all not necessarilypivot subtransactions. It could contain the nodes in the subgraph Ta !F Tb, where Ta is provisionallyretriable only and Tb is provisionally compensatable only. A similar situation is shown in Figure 5.7(b).The pivot subgraph's pivot contains the set of subtransactions whose local decisions must be identicalto the global decision, because their local decision is always �nal. It also de�nes the minimum number ofsubtransactions that must participate in a global, atomic commit protocol for the global transaction. Thus,we have the following lemma:Lemma 6.2.1 If the pivot subgraph's pivot contains more than one subtransaction, then an atomic commitor abort decision by the nodes in the pivot subgraph`s pivot is not possible.The proof follows directly from the fact that no global agreement protocol can run between multiple com-pletely autonomous subtransactions. 2 81
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Phase Subtransaction Types Protocols Comments1 From Maximum T Can commit once subtransactionCompensatable Subgraph ends its execution.2 From Max. Provisionally B Can commit concurrently.Compensatable Subgraph Cyclic information 
ow allowed.3 Any B Agreement protocol run here.4 From Max. Provisionally B,S No cyclic information 
ow allowed.Retriable Subgraph5 From Maximum S Can commit once subtransactionRetriable Subgraph ends its execution and previoussubtransactions in !F arecommitted.Table 6.1: Phases of Semantically Atomic Commit. The �rst column shows the phase number (in executionorder). The second column de�nes the subgraphs from which subtransactions may commit in the phase. Theprotocol column de�nes which protocols must be in e�ect during the phase (B=blocking, T=strati�cation,S=serialization). The last column comments on how the phase could be executed.6.2.6 Cyclic Subtransaction Information FlowIn this section, we extend this theory to deal with situations where the subtransaction information 
ow !Fcontains a cycle.6.2.6.1 TheoryOur approach with respect to commitment of a global transaction with at least one cycle in its subtransactioninformation 
ow is to treat each cycle as if it were a single node (cycle contraction). This requires thatthe contracted node associated with the cycle be labeled with the weakest label possible. We can labelthe contracted node as compensatable only if all subtransactions in the cycle are compensatable. We canlabel it as provisionally compensatable only if all subtransactions are either compensatable or provisionallycompensatable. We follow a similar strategy with retriable. If some subtransaction is in more than onecycle, then all of the nodes in its strongly connected component must contract into the same node.When a determination is made as to which nodes belong to which subgraphs, the label associated withthat node is used to determine which subgraph all of the nodes in the cycle belong in.Cycles create a problem if they are a part of the maximum provisionally retriable subgraph but not apart of the maximum provisionally compensatable subgraph. This is because such cycles must be processedafter a global commit decision has been made and thus are part of the retry phase of the commit algorithm.Since these retries must be processed in subtransaction information 
ow order, it is impossible to retry thecycle. Thus, we have proved the following theorem:Theorem 6.2.9 If a cycle exists among subtransactions that must be processed after the global decision, nosemantically atomic commit is possible.Note that if there is a cycle in the pivot subgraph's pivot (the part of the subtransaction information
ow in neither the maximumprovisionally retriable subgraph nor the maximumprovisionally compensatablesubgraph), the commit is not possible by Theorem 5.2.8.6.2.6.2 ImplicationsBecause of the problems with cycles, we can see that with any atomic or semantically atomic global commitalgorithm, we have a trade-o� as to whether the algorithm should be biased towards compensation or retry.Let us examine the subtransactions in the intersection of the maximum compensatable subgraph andthe maximum retriable subgraph. These subtransactions may commit in any one of the phases described inSection 5.2.5. If we try to commit them in phase 1, we have no problems if some subset of these forms a cyclein the subtransaction information 
ow. This is because the compensating transactions are all independent.83



If we try to commit them during phases 2-4, we may be causing unnecessary blocking, because they are nota part of the pivot subgraph. If we try to commit them during phase 5, we run into problems if some subsetof them forms a cycle, preventing retry. This would indicate that, if cycles are a concern, we should try tocommit all of the subtransactions in this intersection during the phase 1.A second argument can be made based on the time it takes to process the global commit. Committingmore subtransactions during phase 1 does not appreciably add to the time it takes to process the globalcommit, because the subtransactions can commit concurrently. However, in phase 5, we must commitsubtransactions in the subtransaction information 
ow order. Committing additional subtransactions duringthis phase may appreciably lengthen the global commit. This too indicates that we should try to commitall the subtransactions in this intersection during the �rst phase.One last argument can be made based on whether we want the global transaction to be biased towardscommitting or aborting. If we process the subtransactions in the intersection during phase 1 and one of themaborts or returns a \no" decision, the global transaction aborts. If we process all of them during phase 5 andone of them aborts or returns a \no" decision, it will be retried and the global transaction will eventuallycommit.Similar arguments can be made with respect to the pivot subgraph, except that we consider the inter-section of the maximum provisionally compensatable subgraph and the maximum provisionally retriablesubgraph.6.2.7 Commit AlgorithmsThis section describes two commit algorithms that we have derived from the general structure provided inthe earlier section. We also discuss the constraints that each algorithm requires on the global transactionswith respect to the compensatability and retriability of the subtransactions.The �rst algorithm described here is the Best E�ort Algorithm. It takes the position that it will try tocommit the global transaction if the commit is at all possible. That is, once the commit has started, it willwork forward to ensure a commit where possible, even when \no" votes are received.The second algorithm de�ned here is a minimally-blocking algorithm. It's objective is to require ablocking protocol to be used on the local databases for as little time as possible.6.2.7.1 The Best E�ort AlgorithmIt is not always true that a single global subtransaction abort must force its entire global transaction to abort.In particular, the database itself can initiate aborts because of deadlock or other transaction con
icts. Theseaborts are not necessarily caused by problems internal to the global transaction. Rather, they are usuallycaused by some problem in the running environment, such as a process failure or a bad interaction withsome other transaction.In this commit algorithm, we bias the decision process towards committing the global transaction. Thatis, we make a global decision immediately and then assume we can enforce that decision. This commitprotocol assumes that all of the subtransactions are either retriable or provisionally retriable.In this algorithm, the commit of a global transaction may take a long time. This is true, for instance,in the situations where one of the subtransactions is aborted at commit time, and is subsequently retried.This causes (at least) the re-execution of an entire subtransaction on some local database in the middle ofthe global transaction commit process.The Best E�ort Algorithm commits the subtransactions in the global transaction according to the sub-transaction information 
ow. If some subtransaction aborts and has to be re-executed, any subtransactionfollowing it in the information 
ow order must also be aborted and re-executed (because it depends onincorrect results). It is a \local commit before global decision" scheme in [MR91], with the voting phaseproceeding in an order de�ned by the subtransaction information 
ow. The detailed algorithm follows:Algorithm 6.2.1 (Best E�ort Commit) 1. Start running the blocking protocol on each local databasethat executed some subtransaction of the global transaction.2. Make a global commit decision. 84



3. For each subtransaction S, once all of its predecessors in !F have committed, do the following untilthe commit of S succeeds:(a) If S has aborted, re-execute it.(b) Commit S.(c) If the commit fails, abort S using the subtransaction abort algorithm de�ned below.(d) If the commit succeeds, terminate the blocking protocol on S's local database.Algorithm 6.2.2 (Subtransaction Abort) 1. Abort S if it is still running.2. Abort any subtransactions (of other global transactions) and any local transactions that are serializedafter S in the local database.3. For each subtransaction T that is a descendant of S in !F :(a) Abort T .(b) Abort any subtransactions (of other global transactions) and any local transactions that are seri-alized after T in the local database.6.2.7.2 Minimally Blocking AlgorithmThe Minimally Blocking Commit algorithm uses every phase of the general framework de�ned earlier, andclassi�es each subtransaction in the strictest category possible. Thus, all of the subtransactions in themaximum compensatable subgraph and/or the maximum retriable subgraph are processed in either phase1 or phase 5. All of the subtransactions that are in the maximum provisionally compensatable subgraphand/or the maximum provisionally retriable subgraph are processed in either phase 2 or phase 4.In the Minimally Blocking algorithm, we �rst commit all of the subtransactions in the maximum com-pensatable subgraph. If all commit, we follow some sort of atomic commit decision process to make acommit/abort decision on those subtransactions in the pivot subgraph. This decision becomes the globaltransaction decision as well. If the pivot subgraph is empty, then the global decision defaults to commit.If the global decision is to commit, then all of the remaining subtransactions (which are, by de�nition,in the maximum retriable subgraph) are committed in the order !F . This process is identical to the one inthe best e�ort scheme. If some subtransaction has to be retried, then all of the subtransactions that followit in !F also have to be retried.In this approach, we assume that the failure of a retriable transaction may also cause global transactionsthat follow the current one in the global serialization order also to be aborted. Thus, some form of serializationprotocol must be used when a retry fails.Note that the algorithm de�ned in [MRKS92] follows the structure of the algorithm de�ned above, but itonly operates on global transactions whose pivot subgraphs contain at most one subtransaction. Also, theyassume no dependencies between global subtransactions.We can now present a full algorithm for multidatabase commit that preserves semantic atomicity, andthat minimizes its interference with the local database executionsAlgorithm 6.2.3 (Minimally Blocking Commit) Input: Labeled graph.1. Commit all of the global subtransactions in the maximum compensatable subgraph. If one aborts, makea global abort decision, compensate for the committed subtransactions, and return abort. Note that thecommits can all proceed concurrently, because the compensating subtransactions should be independentof one another.2. Execute the pivot subgraph commit algorithm de�ned below. It makes a global commit or a global abortdecision. If the global decision is to abort, then compensate for all of the committed subtransactionsand return abort. 85



3. At this point, the global decision is to commit. Commit the remaining subtransactions in an orderconsistent with !F . If one of these commits fails, abort it using the subtransaction abort algorithm(Algorithm 5.2.2) initiate new retry subtransactions in !F order. These retry subtransactions can becommitted as soon as they successfully complete their execution and all of their predecessors in !Fcommit.4. Return commit.The atomic commit for the pivot subgraph proceeds as follows:Algorithm 6.2.4 (Pivot Subgraph Commit) Input: Labeled pivot subgraph.1. Partition the global subtransactions in the pivot subgraph into three sets:(a) The subtransactions that are also in the maximum provisionally compensatable subgraph of G.(b) The subtransactions that are also in the maximum provisionally retriable subgraph of G, but arenot in partition a.(c) The rest of the subtransactions. For atomic commit to succeed, this should contain at most onesubtransaction.2. Initiate a blocking protocol on the local databases that have subtransactions in the pivot subgraph.3. Commit all of the subtransactions in partition a. If any of these abort (a \no" decision is returned),make a global decision to abort. Compensate for all of the committed transactions, terminate theblocking protocol, and return abort. Note here that the commits of these transactions do not need to beordered by !F because compensating subtransactions are independent of one another.4. If there is a subtransaction in partition c, commit it. If the commit fails, make a global decision toabort and proceed as in the previous step. If the commit succeeds or the partition is empty, make aglobal commit decision.5. Commit all the subtransactions in partition b, in the order indicated by !F . If one of these commitsfails, abort it using the subtransaction abort algorithm (Algorithm 5.2.2) initiate new retry subtransac-tions in !F order. These retry subtransactions can be committed as soon as they successfully completetheir execution and all of their predecessors in !F commit.6. Once all subtransactions have committed, terminate the blocking protocol and return commit6.3 SummaryIn this chapter we discussed the two requirements for maintaining global transaction atomicity in a mul-tidatabase. These requirements are (1) to maintain a consistent global serialization order across all localdatabases and (2) to enforce atomic (or semantically atomic) commit.We provided a general framework for classifying di�erent existing schemes for enforcing a consistentglobal serialization order across all local databases. We proved that, if no assumptions are make concerningthe local databases, enforcing a consistent global serialization order is hard. Following the observationsin Chapter 2 concerning the parallels between database concurrency control schemes and multidatabaseschemes for maintaining a consistent global serialization order, we proposed two classi�cations for the mul-tidatabase schemes. In normal schemes (roughly analogous to pessimistic concurrency control schemes), themultidatabase dictates a global serialization order. The Agents for the local databases delay or block globalsubtransactions to ensure that their local database serializes them in an order consistent with the globalserialization order. In certi�cation schemes (roughly analogous to optimistic concurrency control schemes)the global subtransactions are immediately submitted to the local databases. Each Agent deduces the localserialization order for its database. When a global transaction commits, the multidatabase examines thedi�erent local serialization orders and either certi�es that the global transaction was serialized consistentlyor aborts it. 86



We also proposed ways that the Agents can deduce the local serialization orders of their databasesgiven knowledge of the local database's concurrency control mechanisms. This work parallels work done byElmagarmid and Du [ED90].With respect to atomic and semantically atomic commitment we introduced a theory for understandingwhether (and how) any global transaction can commit atomically. We took a graph-theoretic approachto characterizing global transactions based on the information passed between its subtransactions. Weintroduced a method for determining syntactically whether a global subtransaction can be compensatedfor and/or re-executed; also, whether the compensation and/or re-execution requires any conditions to bemaintained on the information in its local database in order to succeed.We de�ned four types of protocols which are necessary as building blocks in atomic and semanticallyatomic commit protocols. Agreement protocols are used to reach a unanimous decision to commit or abort.Blocking protocols are used to maintain conditions on the state of the information in the local database duringcritical parts of the commitprocess. Strati�cation protocols ensure that, if a global transaction is semanticallyundone, other transactions perceive either all or none of its committed e�ects. Serialization protocols ensurethat, if a subtransaction must be re-executed, the new subtransaction is ordered consistently with the restof its global transaction in the global serialization order. Blocking, strati�cation, and serialization protocolsall compromise local database autonomy.Based on the graph-theoretic description of a global transaction and an understanding of the protocols, weproved several things concerning a global transaction's ability to commit. We identi�ed a critical subgraph,the pivot subgraph's pivot, that must contain at most one node for the commit to be possible. We identi�eda subgraph that must not contain any cycles for commit to be possible. We determined how to compute theminimum subgraph that contains the nodes representing the subtransactions that require blocking duringcommit (the pivot subgraph).Lastly, we de�ned a general framework that atomic and semantically atomic commit protocols must followto ensure correctness. Based on this framework, we presented two new multidatabase commit algorithms;the Best E�ort algorithm and the Minimally-Blocking algorithm.
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Chapter 7Multidatabase System DesignThis chapter describes how planning tasks are supported in our prototype multidatabase system, Mongrel.The basic multidatabase environment in which the planning application executes is shown in Figure 7.1. 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.A multidatabase has two logical levels. The local level consists of the set of local databases. All of theinformation is stored in the multidatabase at the local level. The global level of the multidatabase providesa way to access in a uniform way the collection of information in the local databases. Thus, it needs to havea notion of how the global subtransactions on the di�erent local databases must cooperate to accomplish asingle global task. The global level must operate without any cooperation from the local level, as the localdatabases usually exist long before they are collected together in the multidatabase.In Mongrel, each task is executed at the global level of the multidatabase as a single Interaction. TheInteraction runs subtasks in the form of global transactions. At the local level, the part of the globaltransaction that runs on a single local database is a global subtransaction. It is the global subtransactionsthat actually do the work of accessing and updating the information in the multidatabase. This structure isshown within the task in Figure 7.1.7.1 OverviewFigure 7.2 shows the process structure that we use to support planning tasks on a multidatabase. Thework done by an Interaction ultimately is accomplished by running atomic database transactions (globalsubtransactions) on the local databases that make up the multidatabase. Other applications may alsosubmit independent transactions to the multidatabase.It is the job of the Interaction Manager to coordinate the Interactions and to make speci�c guaranteesabout the correctness of their execution. To this end, it is primarily responsible for coordinating the orderingof the di�erent global transactions that execute as a part of each Interaction. Currently, the InteractionManager is centralized, though we are not precluding distributing it in the future.The Global Transaction Manager coordinates the execution of the di�erent global transactions. It deter-mines the global serialization ordering on the local databases, and also coordinates the emulated two-phasecommit. Thus, it ensures that the global transactions are executed atomically in the multidatabase.One Agent Manager is associated with each local database. It has an associated GSO Enforcer that workswith the global transaction manager to ensure that the resulting history containing all global subtransactionsand independent transactions is serializable with all global transactions serializing in the global serializationorder. This can be done using any one of the known algorithms (e.g. [PRR91, GRS91, MRB+92b]).Each global subtransaction that is executing on a local database on behalf of some global transaction hasa Global Subtransaction process. The Global Subtransaction process begins a global subtransaction on thelocal database for the global transaction, executes the steps initiated by the global transaction on the localdatabase, and eventually manages the local database's end of the two-phase commit process for the globaltransaction. 88
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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.Because of problems associated with emulating the two-phase commit, the multidatabase also has tomaintain a small amount of control over other transactions that run on the local databases besides the globalsubtransactions. This is done by the Local Database Interface processes for the independent transactions.The job of the Activator is to detect events (update operations) in the local database that are of interestto the active Interactions in the multidatabase, check whether the associated conditions still hold, and informthe relevant Interactions when a condition is violated. The Activator receives a speci�cation of events andconditions to monitor for from the Interaction Manager (via the Agent). It also receives from every GlobalSubtransaction Process and Local Database Interface a copy of the input stream to the local database that ituses to determine if some undesirable update event (i.e., weak con
ict) may have occurred. If so, it generatesa query to check the condition associated with the weak con
ict. If the condition no longer holds, it passesback a noti�cation event to the Interaction Manager specifying the weak con
ict that was violated. TheInteraction Manager can then take steps to recover. The Activator maintains its own local database interfacefunctions for coordination during two-phase commit.The Interaction Reactivity and Recovery System (IRS) coordinates both Interaction recovery and replace-ment when a weak con
ict is violated. Global transaction recovery (from failure) basically comes free withthe recovery systems in the local databases. The Interaction Reactivity and Recovery System is invokedwhen an Interaction is aborted or when a weak con
ict is violated. It schedules the multidatabase-levelrecovery or replacement actions to ensure that the resulting Interaction execution remains correct.In the following sections we discuss the details of the system design for our prototype multidatabase,Mongrel. Each section focuses on a di�erent multidatabase function.7.2 Atomic Global Transaction ManagementThe multidatabase supports atomic transaction management as a basis on which to build the Interactions. Inthis section, we separate out system design issues with respect to maintaining transaction atomicity into dif-ferent parts: maintaining a global serialization order, emulating a two-phase commit for global transactions,and managing interference from independent transactions.7.2.1 Global Transaction ExecutionA global transaction is executed as a set of global subtransactions, each of which is an atomic transactionon some local database. A global transaction may only execute on a subset of the local databases in themultidatabase, but no local database has more than one subtransaction of the same global subtransactionrunning on it.At the global level of the multidatabase, the Global Transaction Manager maintains information oneach of the active global transactions, as shown in Figure 7.3. The information maintained for each globaltransaction includes its global transaction identi�er and the set of local databases that have been accessedby the global transaction up to the current point in its execution.At the local database level, most local databases act as servers with each transaction initiated by a singleclient. This requires that each global subtransaction run as a separate process, and each process maintainits own connection to the local database. All queries and updates generated by a global transaction mustbe routed through its global subtransaction processes.The Agent Manager for each local database acts as a dispatcher to forward all instructions it receivesfrom a global transaction to the appropriate global subtransaction process. It also funnels all responses fromthe global subtransactions back to their respective global transactions.7.2.2 Maintaining a Consistent Global Serialization OrderAs was stated in Section 5, one condition that must be maintained to ensure global serializability is thatall local databases must serialize the global transactions consistently on their local databases. Chapter 591
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Figure 7.5: System modules for emulating two-phase commit7.2.3 Emulating Two-Phase CommitA second requirement identi�ed in Section 4.1.6 for ensuring global transaction atomicity is that an atomicglobal commit protocol must be used. Emulating a two-phase commit protocol in a multidatabase is aharder problem than maintaining a consistent global serialization order, because it is not as easy to deducethe commit behavior of a local database.In our prototype, we implement a local commit before global commit strategy. Figure 7.5 shows therequired system modules. During global transaction execution, the Global Transaction module maintainsthe subtransaction information 
ow for the speci�c global transaction. The Global Transaction modulealso coordinates the two-phase commit process. It requests votes from each global subtransaction thatparticipated in the global transaction, in the subtransaction information 
ow order.The crux of any local commit before global commit strategy is that if a global subtransaction commits butits global transaction aborts, the committed global subtransaction must be semantically undone before othertransactions read or overwrite its erroneously committed results. Because of this, the local commit beforeglobal commit strategies specify that all requests to the local database cease while the global subtransactionis in an emulated prepared state. Also, if problems occur that cause the global transaction to be fully orpartially aborted, other transactions that have gained the global subtransaction's resources (e.g., becausethey were queued waiting for a lock) may need to be aborted in order for the global subtransaction tocomplete successfully.Because the Global Subtransaction processes may need to block all tra�c to the local database for a94



period of time, each Global Subtransaction process contains a Commit Blocker. In the unblocked state,the Commit Blocker just processes all tra�c received by the Global Subtransaction as usual. The CommitBlocker receives block requests from the Agent Manager, which puts the Global Subtransaction into theblocked state. In the blocked state, the Global Subtransaction queues all tra�c received from the GlobalTransactions until an unblock message is received, then processes the queued messages in order.When the Agent Manager receives a vote request for one of its global subtransactions from the GlobalTransaction Manager, it not only passes the vote request on to the appropriate Global SubtransactionProcess, but it also sends a block message to all of the other Global Subtransaction Processes. Oncethe decision is known, the Agent Manager forwards an unblock message to all the Global SubtransactionProcesses.When an Agent Manager receives a \no" vote for some committed Global Subtransaction, it initiates acompensating subtransaction as de�ned in Section 7.5. If the compensating transaction fails to commit, theAgent Manager may direct Global Subtransactions that follow the failed one in the global serialization orderto abort, so the compensating subtransaction can be successfully retried.7.2.4 Dealing with Independent TransactionsIndependent transactions execute directly on individual local databases, and consequently run outside thedomain of the multidatabase. That is, their execution is autonomous from the execution of any transactionon the multidatabase. When we consider autonomy of the local databases, it is the execution of independenttransactions that ultimately causes the most serious problems.The autonomous execution of independent transactions can impact the atomicity of the global transac-tions. For instance, the execution of an independent transactions can cause two global subtransactions inthe multidatabase to be serialized in the opposite order from their execution order. This problem can besolved by regulating the serialization orders of the global subtransactions on the local databases, as de�nedin Section 7.2.2.A far more serious problem with the independent transactions is that they can impact the emulatedtwo-phase commit process described in Section 7.2.3. Because we use a local commit before global commitstrategy, we must be able to block all access to the local database while the global subtransaction is in theemulated prepared state. This includes blocking all tra�c to the local databases initiated by the independenttransactions as well as all the tra�c initiated by other global subtransactions. Thus, with this strategy, themultidatabase must interfere with the control autonomy of the independent transactions, in that it mustoccasionally block their execution to ensure the correctness of its own transactions. Also, if some GlobalTransaction receives a \no" vote during the commit, and compensation fails, the Agent Manager may tellsome independent transaction to abort.In our prototype, we insert a local database interface into the connection between the independenttransaction and the local database, as shown in Figure 7.6. Each independent transaction has its ownLocal Database Interface, which contains a commit blocker that behaves identically to the commit blockerin the Global Subtransaction Processes. Thus, the Local Database Interface has a connection directly to theAgent Manager, and receives directions to block and unblock the message stream between the independentapplication and the local database. In the unblocked con�guration, the tra�c passes directly through. Inthe blocked con�guration, tra�c to the multidatabase is queued for transmission once the Local DatabaseInterface is unblocked.Schemes for global transaction commitment that do not require the existence of a commit blocker for theindependent transactions would be preferred for the sake of local database autonomy. However, it has beenshown in [SKS91a] that such schemes cannot exist.7.3 Step ExecutionThe global transactions in an Interaction are speci�ed using steps, where there is some 
exibility as to whichsteps are actually executed to accomplish the subtask of the particular global transaction. Each step runs ona single local database, and is represented as a call to some procedure in that local database's Step Library.The system modules required to execute steps on the local database are shown in Figure 7.7.95
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Figure 7.6: Independent transactions and their Local Database InterfacesThe following sections describe the step libraries and the step functions in them, and the mechanism forexecuting steps as a part of a global subtransaction.7.3.1 Step LibrariesAssociated with each local database is a standard interface of procedure calls that can be invoked by themultidatabase as it is running its global transactions. These are the procedures that are used by themultidatabase; in some sense, the procedure calls encapsulate the data in the local database in a similarmanner to the way objects encapsulate their data representations behind an interface of method calls. Thisinterface and the procedures that implement it are called the local database's Step Library.Each local database makes public the procedure calls for the di�erent steps in its Step Library, includingthe step's function name, its step number on the local database, the number and types of its arguments, andthe type of its return value. This interface is accessible by the TaSL Interpreter as needed to type check thestep calls. It also can be accessed by the Interaction de�ner as needed.Since the steps translate a speci�c function into the local database's DML, they are also in a position todeduce the information required to compensate for themselves, as well as supplementary information suchas the data items read and written (and values) required by the replacement algorithm. This may in somecases require supplementary queries to the local database beyond the minimumcommands needed to actuallyexecute the step. The step itself is responsible for returning this information as well as its own return valuesfrom executing its function on the local database. The compensating step information, and the read/writedata items and values, are processed and logged by the global subtransaction object. Thus, a step call to doan update would cause a set of procedure calls like the one shown in Figure 7.8.7.3.2 Executing Steps in Global SubtransactionsInteractions are de�ned through an interface to an interpreter for the multidatabase manipulation languageTaSL. In TaSL, steps of global transactions are speci�ed as procedure calls to routines in a step library,speci�ed in the same thread as the global transaction is executing. The steps themselves are parsed bya TaSL Interpreter in the multidatabase application into a local database, a step number, and a list ofarguments. 96
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The TaSL Interpreter maintains a directory of active steps and their argument types for type checking.The types of the arguments in the list are typechecked based on the information in the directory, and therequest to execute the step is passed down to the global transaction object only if the types are correct.The request to execute the step is passed intact through the Global Transaction and the Agent Managerof the local database on which the step is run, to the Global Subtransaction process associated with thestep's global transaction and its local database.The Global Subtransaction Processes themselves make the call to the step's procedure in the shared StepLibrary. This is done by taking the step number, using it to access the function pointer to the step via ajump vector, and executing that function with the speci�ed arguments. The call executes the step in thecontext of the already running transaction on the local database. The step itself generates some requests tothe local database in the local data manipulation language. It formats the return value into the expectedformat, and returns the results as well as the other information to be logged. The Global Subtransactionissues the commands to log the step's call and return value, as well as the compensating step function andparameters, and the read/write data items and values required for compensation. It then passes the returnvalue back up to the multidatabase application. Once the application has received the return value, the stepis complete and the next step may be initiated, or the global transaction committed.7.4 Managing InteractionsAccording to De�nition 6.5.6 for correct Interaction Histories, a history of a set of concurrent Interactionsis correct if the projection of each Interaction from the history is view equivalent to some compensation-correct execution of that Interaction. The global transactions of the di�erent Interactions themselves maybe arbitrarily interleaved in the history.In this section, we show how the system generates correct executions for each Interaction. First wediscuss how the multidatabase schedules global transactions for an Interaction, and how the dependenciesamong the di�erent global transactions in that Interaction are maintained. Then we discuss how events arespeci�ed, detected, and reported. Last, we discuss how reactivity works to maintain the correct executionof that Interaction in the presence of a con
ict that provokes an event.7.4.1 Interaction SchedulingSince Interactions can arbitrarily interleave at the global transaction level, merely ensuring that the globaltransactions are executed atomically is enough to ensure that the operations of di�erent Interactions areinterleaved correctly. The major problem with Interaction scheduling is ensuring that the di�erent globaltransaction of a single Interaction are ordered (serialized) correctly in the execution.The di�erent modules at the global level associated with a single Interaction are shown in Figure 7.9.Each active Interaction's current execution is represented in the Interaction Manager as a single Interactionobject. That Interaction has a set of global transaction objects representing its current set of uncommittedglobal transactions.The e�ective execution order of the global transactions in an Interaction is speci�ed in the multidatabaseapplication. The order is represented within the Interaction as a set of execution dependencies. Executiondependencies are computed as the Interaction is executed by the part of the multidatabase application thatparses the TaSL Interaction speci�cation. Execution dependencies are computed in the following circum-stances:� If two global transactions Ta and Tb run sequentially in the same thread, then Tb has an executiondependency on Ta.� If a global transaction Tc forks a new execution thread, with Td being the �rst global transaction thatis executed on the new thread, then Td has an execution dependency on Tc.� If a set of threads joins, and Te is the �rst global transaction executed on the thread after the join,then Te has execution dependencies on each of the last global transaction that executed on the joiningthreads. 98
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Local Database

Activator
Local Transaction
Client Process

Interaction Global
Transaction

Interaction Manager / 
    Global Transaction Manager

Agent 
Manager

L
o

ca
l D

at
ab

as
e 

L
ev

el
M

u
lt

id
at

ab
as

e 
L

ev
el

Figure 7.11: Modules involved in Event Speci�cation and Detection.
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copy of its tra�c to the local database. This copy is then forwarded to the Activator. The Activator parseseach message sent to the local database. The query messages get discarded, but the update messages arechecked to see what collections/relations or objects are being updated.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 eventsassociated with those conditions. In order for the check to be correct, R has to serialize after T in the localdatabase's serialization order if R and T con
ict. This happens by default, however. If there is an actualcon
ict on the local data item, then the con
ict forces the serialization order. If there is no con
ict, thenthe event could not have occurred.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. Asthis information would only be needed if we wanted to abort or semantically undo the transaction that didthe update. However, since we place the burden of recovering from con
ict on the transaction that wasoverwritten rather than on the overwriter, this is not a problem.Once a value for a data item has been retrieved form the database (by either method) it is checked againstthe appropriate conditions. If some condition is violated, the Interaction that speci�ed the event is noti�ed.This message goes to the Interaction object, because the global transaction object probably no longer exists.Also, events (wait events or weak con
ict events) really belong to the entire Interaction, as their scope isreally outside that of an individual global transaction.Events specifying weak con
ict violations indicate that some reactive action should be taken. Theapplication speci�er is noti�ed of the event, and it speci�es a committed global transaction to roll back to.Exactly how this happens in the system is described in the next section.7.5 Logging, Recovery, and ReactivityWith Interactions, both reactivity in the event of a weak con
ict and recovery after a process, communication,or media failure require logged information. Both also operate by (possibly semantically) undoing and redoingwork. Semantic recovery of open nested transactions in the case of failure has been de�ned in severalcontexts, e.g. [GS87]. However, using recovery techniques to evolve an Interaction from an inconsistent stateto a consistent state after a weak con
ict violation presents a di�erent type of problem.In this section, we de�ne the logging and reactivity/recovery subsystems for Interactions in a multi-database.7.5.1 Logging SubsystemIn our multidatabase system, we maintain two levels of logging. At the global level, we maintain all of theinformation necessary to recover an Interaction correctly, including the information on the speci�c globaltransactions. At the local level, for each local database, we log information on the global subtransactionsthat is needed to deduce and execute the compensating subtransactions. These logs are dual-purpose. Theyserve to support both compensation-based failure recovery and the replacement algorithm invoked after aweak con
ict violation.7.5.1.1 Global-Level LoggingThe global level log maintains the following information about each active Interaction:1. When the Interaction begins. 102
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Figure 7.12: Modules used in logging, reactivity and recovery of Interactions.
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2. The global transaction identi�ers of the global transactions that participate in the Interaction.3. The state and execution dependencies between the di�erent global transactions in the Interaction.4. Which events occur that invalidate parts of the Interaction, and when they occur in the execution.5. When the Interaction terminates.6. Whether the Interaction commits or aborts.In addition, the global level log maintains the following information about each global transaction:1. When the global transaction begins.2. The local databases that participated in the global transaction.3. For each local database, the log sequence number required to locate the records for its global subtrans-action in the local log.4. When the global transaction terminates.5. Whether the global transaction commits or aborts.6. Whether or not the global transaction has become invalid.The information needed at the global level for reactivity and/or recovery includes information about eachInteraction to be used during reactivity and/or recovery. The local databases maintain the real, de�nitive logused for failure recovery. The global level log (and the local level log) need only really maintain informationrequired for reactivity, which is only needed for the lifetime of the Interaction. Therefore, each Interaction'sglobal log entries can be garbage collected once the Interaction commits or aborts.7.5.2 Local-Level LoggingThe local level log contains information about the global subtransactions and their compensating transactionthat is needed for reactivity and recovery. This includes the following information for each step called byeach global subtransaction:1. The arguments to the step.2. The data items read and written by the step, along with the values read or written.3. The results returned by the step.4. Whether or not the step was compensating for some other step.5. The name and arguments required to run the compensating step.6. The projected read and write information for the compensating step, along with the projected valuesto read or write (if available).7.5.3 Interaction Reactivity and Recovery SubsystemThe reactivity and recovery subsystem is invoked when a failure occurs or when an Interaction is partiallyrolled back as a result of some weak con
ict violation. This subsystem operates in one of two modes. Thecompensation mode semantically undoes the Interaction, either partially or fully. This is the mode invokedwhen an Interaction is aborted, either by the user or because of some failure. The replacement mode partiallyor fully replaces the work done by the Interaction using the replacement algorithm. This is the mode invokedwhen a weak con
ict is violated. 104



7.5.3.1 Compensation ModeFollowing along in Figure 7.12, in compensation mode, the Interaction Reactivity and Recovery System(which handles both reactivity and recovery) reads the log to determine which of the committed globaltransactions need to be rolled back, and in what order. This can be reconstructed from the logged informationfrom the global transactions and the Interaction's logged state and execution dependency information. Thepartial order of global transactions that need to be rolled back is called the invalid portion.We know by the open nested recoverability property (De�nition 4.2.1) that no uncommitted global trans-actions in the invalid portion have committed transactions with execution dependencies on them. Therefore,we begin the compensation process by aborting all uncommitted global transactions in the invalid portion.Once the uncommitted global transactions have all been aborted, the Interaction Reactivity and RecoverySystem then issues commands to execute compensating transactions for the remaining global transactionsin the invalid portion.Commands to run compensating global transactions are issued by the Interaction Reactivity and RecoverySystem in the inverse of the partial order that the original global transactions ran in. To run a compensatingtransaction, the Reactivity and Recovery System �rst tells the Interaction Manager to begin a new globaltransaction, with execution dependencies on the compensating transactions for the successors of its originaltransactions (or its original transaction, if there are no successors). Then the Reactivity and Recovery Systemparses the log record that was read for the original global transaction to get the list of local databases thatparticipated in the global transaction and the logged local-level log sequence numbers for the subtransactionsin the local-level logs. The Reactivity and Recovery System then issues a request to the Agent Managers ofeach of the local databases that participated in the original transaction to run a compensating subtransaction.Each request is forwarded to its Agent Recovery Manager via the new global transaction object in the GlobalTransaction Manager and the Agent Manager of the local database.When the Agent Recovery Manager receives a command to run a compensating subtransaction, it �rstbegins a new global subtransaction on the local database. Then, using the speci�ed log sequence number,it reads the local-level log to get the sequence of compensating step calls for the (non-compensating) stepsfrom the original global subtransaction. These compensating step calls are then issued to the compensatingsubtransaction's process in the inverse of the order of their corresponding original steps. However, less infor-mation needs to be logged for the compensating steps, because they themselves will never be compensatedfor.Once all of the compensating steps have returned, the Agent Recovery Manager noti�es the GlobalTransaction object for the compensating transaction that the subtransaction has �nished its execution. Whenthe Global Transaction object has received such notices from all of the local databases that participated init, it enters the standard multidatabase two-phase commit (with the normal restrictions on commit orderdue to the need to maintain open nested recoverability), and terminates.7.5.3.2 Replacement ModeReplacement mode works similarly to compensation mode up to the point where the uncommitted globaltransactions have all been aborted. At this point, the Reactivity and Recovery System generates a projectedcompensation schedule for the remainder of the invalid portion, to use as a basis for replacement.The �rst job of the replacement algorithm is to retrieve the projected read/write information, includingthe data items to be read or written and the values projected for those data items. This must be done foreach compensating transaction in the projected schedule.To retrieve the read/write information, the Reactivity and Recovery System iterates through each globaltransaction in the invalid portion, �nding the local databases that it participated in and the log sequencenumbers of the global subtransactions. It then sends requests down to the local databases' loggers, via theInteraction Manager, requesting the projected read/write information for each compensating subtransaction.When the Reactivity and Recovery System has retrieved the projected read/write information and sortedit by global transaction, it can then begin the replacement process. The Reactivity and Recovery Systemfollows the basic replacement algorithm de�ned in Section 6.6, generating either replacement transactionsor compensating transactions as needed.Compensating transactions are executed as they were in the compensation mode. Replacement transac-tions are a bit di�erent, though. When the Reactivity and Recovery System begins a replacement transaction,105



it �rst sends a request to the Interaction Manager to begin a global transaction. The elimination test issuessome read operations to the local database to get the current values. If elimination fails, the replacementtransaction is actually run. The compensating part of the transaction is run as with compensation mode,except the transaction is not committed. Then, the Reactivity and Recovery System hands control of theglobal transaction over to the Interaction State Maintainer for the Interaction, who can determine what toredo.The job of the Interaction State Maintainer is to issue new steps to replace the compensated-for subtask.This is done by accessing the State Database associated with the application to get the original Interactionspeci�cation, and generating new steps as a part of the same replacement global transaction. These stepsare executed normally, and logged as normal steps in the local-level log.Once the Interaction State Maintainer completes the new steps, it passes control of the global transactionback to the Reactivity and Recovery System. The Reactivity and Recovery System then tests whether or notthe replacement transaction view commutes to the front of the schedule, using the replacement transaction'sactual read/write information requested from the local database's log. If the view commute succeeds, theReactivity and Recovery System then enters into the standard two-phase commit. Otherwise it aborts theglobal transaction and does basic compensation following Algorithm 6.6.4 until it can resume the replacementprocess.When all of the invalid steps have been compensated for (by steps in some compensating transaction, bysteps in some replacement transaction, or by steps in some eliminated transaction) the Interaction is left ina state that is consistent both internally and with the multidatabase. However, the current execution statemay be an earlier one than the one the Interaction was in when the weak con
ict occurred. At this point,the Interaction State Maintainer for the Interaction needs to catch up by redoing the rest of the invalidatedwork.7.6 ImplementationIn this chapter, we gave an overview of the system design of our prototype multidatabase system, Mongrel.Mongrel provides the basic functionality to test the feasibility of Interactions as a multidatabase transactionmodel. This includes the following:1. Basic support for atomic global transactions.2. A set of local databases implemented over ObjectStoreTM , an object-oriented database, along with thesupport required to integrate them into the multidatabase.3. Support for running Interactions, including a global-level database to store information on each Inter-action, and a process to synchronize Interaction execution.4. A shell that supports the de�nition of Interactions in TaSL.The bulk of the code is written in C++ on Sun Sparc 10TM workstations running the UNIXTM operatingsystem. The user interface portion of the TaSL shell is written using MotifTM. Currently, the systemimplementation is about 57,400 lines of code. It supports basic reactivity using the compensation modeonly.There are very few multidatabase implementations, or even prototypes, in existence. A summary ofexisting multidatabase prototypes can be found in [ECB93].
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Chapter 8ConclusionsIn this thesis, we have examined planning applications and their requirements on an underlying multi-database. We de�ned a planning application as one that generates tasks that are long-lived, and that needsto respond to changes in the underlying database. We gave a variation of the standard travel agent examplewhich demonstrates the 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. In-teractions follow a 
exible, open nested transaction model. An Interaction is described as a partially-orderedset of global transaction speci�cations. The global transactions (or subsets thereof) can be combined in dif-ferent ways to accomplish the planning task. Thus, unlike other 
exible transaction systems, Interactionsde�ne their 
exibility at the level of combining di�erent sets of global transactions in their execution, ratherthan in allowing a 
exible speci�cation within a single global transaction.An Interaction executes as a partial order of atomic, global transactions. Each global transaction coor-dinates the execution of a set of global subtransactions, one on each local database that it accesses. Eachglobal subtransaction executes as a sequence of steps, as de�ned for the multidatabase in the local database'sStep Library.The principal new transaction concept de�ned for Interactions is reactivity. Reactivity allows the Inter-action to respond and regain consistency when the underlying multidatabase evolves in a way that con
ictswith the Interaction's work. Thus, in our model we have the option of allowing con
icting operations (ratherthan preventing them), and we also provide algorithms that are used within the multidatabase to recoverthe Interaction's consistency after the con
ict. These algorithms use both the ability in our underlyingimplementation to automatically generate compensating transactions, and our ability to �nd a new schemeusing the 
exible de�nition.Interactions use a notion of weak con
ict to de�ne their expectations on the state of relevant informationin the database. If the database evolves in a way that violates an Interaction's weak con
ict, then theInteraction is noti�ed of the change and can react appropriately. For example, a person booked on a 
ightmay need to know and respond to the fact that his 
ight has been canceled. A weak con
ict is de�ned as anupdate in the database that causes some condition to be violated. When the event occurs, the InteractionManager is noti�ed, and can recover its consistency by identifying what is invalid and replacing that work.We examine problems with using standard compensation to regain Interaction consistency when anevent occurs in the multidatabase. We discuss a new scheme for recovering consistency called replacement.Replacement di�ers from previously proposed techniques, especially in the order semantic undoing andredoing is done and in the way steps are grouped together into atomic units. Replacement also takesadvantage of the existing 
exible Interaction de�nition and state to �nd automatically a new plan accordingto the speci�cation given by the planning task. This new plan is both internally consistent and consistentwith the current state of the database. It also di�ers from the original plan as little as possible.The contributions of the replacement algorithm 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 the107



elimination 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.Because Interactions require as a basis the ability to support atomic global transactions on the multi-database, we also explore in this thesis algorithms for enforcing a consistent global transaction serializationorder across several types of local database. We discuss global atomic and semantically atomic commit.We develop a theory to describe when atomic commit (which blocks the local database operation) andsemantically atomic commit (which blocks but not for the entire commit process) are possible.The theory behind global commitment in a multidatabase is graph-based and independent of the speci�ccommit protocol being emulated. A global transaction is represented as a graph with a single source and asingle sink, whose nodes represent the global subtransactions and whose edges represent how information istransmitted from one subtransaction to another within the global transaction. Each global subtransactionis classi�ed as (provisionally) compensatable and/or (provisionally) retriable, according to its syntacticstructure. The theory enables us to decide the following things about when and whether a global transactioncommit is possible:1. If a speci�c subgraph (the pivot subgraph's pivot) contains more than one node, no atomic commitmentis possible.2. If a speci�c subgraph contains a cycle, no atomic commitment is possible.3. If a speci�c subgraph (the pivot subgraph) contains at most one transaction, nonblocking semanticallyatomic commitment is possible. (see also [MRKS92]).4. Given a committable global transaction, what is the minimal amount of blocking required?5. Given a global subtransaction, at what point in the commit process can a global decision to commitbe made and enforced?We have de�ned and implemented a multidatabase system that supports Interactions as its access mech-anism. It includes Interaction State Maintainers which store for each Interaction its entire de�nition, itsexecution state, and the state of its variables. The Interaction Manager coordinates the execution of the In-teractions themselves, and calls upon the Global Transaction Manager to ensure that its global transactionsare executed atomically.Each local database has an Agent and an Activator. The Agent acts as an extension to the localdatabase to provide the additional functions required by the multidatabase. The Activator monitors thelocal database for events of interest. The Activator and the Agent are both tailored to the design of theunderlying database. It also has a Recovery Manager, which cooperates with the appropriate InteractionState Maintainer to execute the replacement algorithm when a weak con
ict event occurs.Each local database also de�nes its own Step Library, which is the interface that the multidatabase can useto access the information in the local database. The step approach di�ers from the two existing approachesfor integrating local databases. It di�ers from the restricted approach in that each step is not itself a separatelocal database transaction. Rather, di�erent steps on the same local database can be grouped into a singleatomic global subtransaction. Steps on di�erent local databases can be grouped into a single atomic globaltransaction. Thus, the step model is more 
exible than the restricted model. The step model di�ers fromthe unrestricted model in that it does not allow arbitrary access to the local databases, only access throughthe de�ned steps. This restriction is useful because it provides a uniform way of accessing the multidatabase,independent of any local database's data manipulation language. It also allows the Step Library de�ner toassociate compensating steps for each step, and to de�ne how to derive the compensating step call duringthe execution of a step. During reactivity or recovery, these compensating step calls are used to generatecompensating global transactions when needed for reactivity and recovery. The multidatabase user is freedfrom having to specify compensating subtransactions himself.We have developed a language, TaSL, which planning applications can use to describe Interactions to themultidatabase. TaSL basically de�nes the control structure for executing steps. Steps are functions de�ned108



on a single local database. Each step translates its function into local database DML, runs the ensuingqueries and updates on the local database, and reformats and returns the result. Steps also derive and logthe step-speci�c information needed to support compensation and reactivity during their execution.TaSL allows steps to be grouped together by the Interaction de�ner into global transactions. These stepsare ordered in the Interaction, similar to the way they would be ordered in any block-structured programminglanguage. The de�ner also speci�es alternative sets of global transactions that can be used to accomplish theInteraction's task. These are speci�ed as prioritized alternative paths that can be taken from the \current"state of the Interaction execution.
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