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Abstract

A multidatabase system (MDBS) is a facility that allows users access to data located in multiple autonomous database management systems (DBMSs). In such a system, global transactions are executed under the control of the MDBS. Independently, local transactions are executed under the control of the local DBMSs. Each local DBMS integrated by the MDBS may employ a different transaction management scheme. In addition, each local DBMS has complete control over all transactions (global and local) executing at its site, including the ability to abort at any point any of the transactions executing at its site. Typically, no design or internal DBMS structure changes are allowed in order to accommodate the MDBS. Furthermore, the local DBMSs may not be aware of each other, and, as a consequence, cannot coordinate their actions. Thus, traditional techniques for ensuring transaction atomicity and consistency in homogeneous distributed database systems may not be appropriate for an MDBS environment. The objective of this paper is to provide a brief review of the most current work in the area of multidatabase transaction management. 
Introduction

A multidatabase system (MDBS) is an integrated system consisting of several DBMSs that allow user transaction to access data located in the constituent autonomous hardware and software environments. Logical integration creates an illusion of a single database system and hides from users the intricacies of different DBMSs and different access methods. It provides users with uniform access to data contained in various databases without migrating the data to a new database and without requiring the users to know either the location or the characteristics of different databases and their corresponding DBMSs. Access to data located in a local data source is accomplished through transactions. Each local DBMS ensures the ACID properties of transactions executed at its site. Two types of transactions can be identified in this system [1,3].

· Local Transactions: Those transactions that access data resident at a local site. The majority of these transactions are expected to arise from application programs that existed prior to the integration.

· Global transactions: Those transactions that access data that may reside at several different sites. All such transactions arise from application programs that are developed as a result of the flexibility provided by the MDBS.

To ensure the consistency and isolation properties, each local DBMS generates a conflict serializable schedule consisting of operations of local and global transactions that were executed at its site. To ensure the atomicity and durability properties, each local DBMS uses some form of recovery scheme like WAL scheme.

The MDBS considers each local DBMS as a black box that operates autonomously, without the knowledge of either other local DBMS or the MDBS system. Local autonomy is the main feature that distinguishes the multidatabase systems from conventional distributed database systems. 

There are three main types of autonomy [1,2]:

· Design autonomy: No changes can be made to the local DBMS software to accommodate the MDBS system.

· Execution autonomy: Each local DBMS should retain complete control over the execution of transactions at its site. This means that a local DBMS can abort a transaction executing at its site at any time during the execution, including the time when a global transaction is in the process of being committed by the MDBS.

· Communication autonomy: Local DBMS integrated by the MDBS are not able to coordinate the actions of global transactions executing at several sites. The local DBMS do not share their control information with each other or with the MDBS system.

Participating DBMS may have different autonomy levels. One way to characterize the autonomy level of sites is to define the interface that each local data source offers to user transactions. The interfaces can be categorized by the operations they accept from the MDBS. The transactions can be partitioned into two sets - 

Transaction operations:

· Begin Transaction: The MDBS requests that a new local transaction be initiated.

· End transaction: The identified transaction has completed and may be committed.

· Read or Write: Perform indicated action. The action may be low level (read record) or high level (withdraw money from account).

· Abort 

· Commit 

· Prepare to Commit: The identified transaction has finished its actions and is ready to commit. DBMS guarantees that transaction will not be unilaterally aborted and waits for commit or abort decision from MDBS.

· Service request: The execution of a procedure is requested. A service request is equivalent to submitting all the actions of a local transaction, from begin transaction to commit, at once.

Status information operations:

· Get-wait-for-graph: Retrieve the local-wait-for-graph to be used in global deadlock detection.

· Get-serialization-order: Retrieve information about the commit order of transactions.

· Inquire : Find status of transaction

· Disable transaction class: Certain types of transactions are not allowed to commit at this box.

In addition to the available operations, the global system may also use knowledge of the internals of the local DBMS. For example, does the local DBMS use 2PL protocol. This information may be of use to the MDBS for coordinating global transactions.
The operations define a spectrum of autonomy. The more the autonomy the DBMS retain, the harder it is to guarantee global data consistency. The rest of the paper is outlined as follows : A description of the multidatabase transaction model, analysis of the problems that arise in a multidatabase environment, the different notions of global database consistency and finally some open problems that still need to be solved.
Multidatabase Transaction Model
The base transaction model described in [1,2,3] is detailed below.

The software package built on top of the local DBMS, referred to as the Global transaction Manager (GTM), coordinates the execution of global transactions that execute at multiple sites. Each global transaction submits its operations to the GTM. For each submitted operation, the GTM decides whether to submit the operation to local sites, or delay it, or to abort the transaction. If the operation is to be submitted, the GTM selects a local site (or a set of sites) where the operation should be executed.   A set of servers, one associated with each local DBMS acts as a liaison between the GTM and the local DBMS. The GTM submits transaction operations to the local DBMSs through these servers as a single transaction. Independently, local transactions execute at a single site outside the control of the GTM. 

The local DBMSs are located at sites s1, s2,…, sm, where m ( 2. A transaction is an ordered sequence of read (ri) and write (wi) operations terminated by either a commit (ci) or abort (ai) operation. The local schedule at site sk, denoted by Sk, is a sequence of local and global transactions operations resulting from their execution at site sk. Transaction Ti is active in Sk if it is neither committed nor aborted in Sk. A projection of Sk on a set of transactions T is a schedule that contains only operations from transactions from T.  A committed projection of schedule Sk is a schedule that contains only operations of committed transactions in Sk.

Transactions Ti and Tj are said to be in direct conflict in schedule Sk if and only if schedule Sk contains operation oi(x) followed by operation oj(x), where oi(x) and oj(x) are a write operation and Ti does not abort before oj(x) is executed. Transactions Ti and Tj are said to be in indirect conflict in schedule Sk if and only if there is a sequence of transactions T1, T2, …., Tr such that Ti is in direct conflict with T1, T1 is in direct conflict with T2,…., and, finally, Tr is in direct conflict with Tj.  Transactions Ti and Tj are in conflict if and only if they are in direct or indirect conflict. 

Two local schedules are equivalent if they are defined on the same set of global and local transactions, have the same operations and the same set of pairs of conflicting committed transactions. Schedule Sk is conflict serializable if it is equivalent to a serial schedule. A local serialization graph for schedule Sk is a directed graph with nodes corresponding to global and local transactions that are committed in Sk and with a set of edges such that Ti ( Tj if Ti conflicts with Tj in Sk. Schedule Sk is serializable if and only if its local serialization graph is acyclic.

A global schedule S is partial ordered set of all operations belonging to local and global transactions such that, for any local site sk, a projection of S on a set of global and local transactions executing at site sk is the local schedule Sk at site sk. A global schedule is globally serializable if and only if there exists a total order defined over committed global transactions that is consistent with the serialization order of committed global transactions at each of the local DBMSs. A union of local serialization graphs is called a global serialization graph. A global schedule is globally serializable if and only if its global serialization graph is acyclic.

MDBS can be categorized as trivial and semi-trivial MDBS [2]. They are simple GTMs that permit a high degree of concurrency and incur minimal overhead. Trivial MDBS is the case where the GTM does not delay any operations and simply submits them to the local DBMSs in the order in which they arrive. In semi-trivial MDBS, the GTM may delay the submission of the various commit operations belonging to global transactions, while all other operations are submitted for execution with no delay.  
Multidatabase Transaction Management Issues
The GTM should guarantee the ACID properties of global transactions, even in the presence of local transactions that the GTM is not aware of. In addition, the GTM should guarantee deadlock free executions of global transactions and it should provide means to recover from any type of system failures. Some of the difficulties that could arise are described below:

Global serializability problem:

The various local DBMS may use different concurrency control protocols. Since local transactions execute outside the control of the GTM, the GTM can guarantee global serializabilty only through the control of the execution order of global transactions. However, in such an environment, even a serial execution of global transactions does not guarantee global serializability. This is because local transactions can create indirect conflicts between global transactions. Since the GTM is not aware of local transactions, it is also not aware of these indirect conflicts. This phenomenon is a cause of major difficulties in trying to ensure global serializabilty in a multidatabase environment.

Global Atomicity and recovery Problems:

The global atomicity requirement dictates that either all the subtransactions of a transaction commit, or they all abort. In a homogeneous distributed database system, atomicity of transactions is ensured by an atomic commit protocol, which requires that the participating local sites provide a prepared state for each subtransaction. The subtransaction should remain in the prepared state until the coordinator decides whether to commit or abort the transaction.

To preserve the execution autonomy of each of the participating local DBMS, we must assume that local DBMSs do not export a transaction's prepared state. In such an environment a DBMS can unilaterally abort a subtransaction any time before its commit. This not only leads to global transactions that are not atomic, but to incorrect global schedules.

The problem of incorrect global schedules and unilateral subtransaction abort can be avoided if the local DBMSs provide a prepare-to-commit operation and they participate in the execution of a global commit protocol. But this still violates the execution autonomy requirement. 

Global Deadlock Problem:

Each local DBMS uses a locking mechanism to ensure local serializability, and each DBMS has a mechanism to detect and recover from local deadlocks. But there is a possibility of a global deadlock that cannot be detected by the GTM.

Due to design autonomy, local DBMSs may not wish to exchange their control information and therefore will be unaware of the global deadlock. Similarly, the MDBS is not aware of local transactions and, therefore will be also unaware of the deadlock.               

Global Serializabilty Schemes
There are different techniques to ensure global serializabilty. Some of them are detailed below.

Since the GTM knows that each local site generates local serializable and deadlock free schedules, it considers each such DBMS as an unlabeled black box. The actions taken by the GTM are then of two types:

· Pessimistic: Global transactions are delayed to avoid serialization graph cycles.

· Optimistic: Cycles or potential cycles are detected and broken by aborting global transactions.

The tradeoff between these approaches is that the pessimistic approach does not generate transaction aborts but may result in a lower concurrency, while an optimistic approach may increase concurrency but may result in a large number of transaction aborts.

A special data item - a ticket is maintained at each local site. Only a single ticket is required for each local site, but tickets at different local sites are different data items. Only global transactions can access the ticket. Moreover, each global transaction executing at a site is required to read the ticket value, increment it and write an incremented value into the database. Thus the ticket value read indicates the serialization order of the global transactions at the site. This algorithm is optimistic.

The ticket idea can also be used in a pessimistic way. Here, global transactions are assigned a priori a global serialization order, and the tickets they should read are determined in advance. If a transaction submits its operation outside of a local site ticket order, it waits.

Another technique using labeled DBMS is by assuming certain properties of the local sites, like, suppose that the local sites use a basic time stamp ordering concurrency control algorithm. The idea is to run global transactions serially. If transactions are not overlapped, we know that they will be assigned increasing time stamps, serialized in the proper order at each site, and the global schedule will be serializable. This scheme however forces global transactions to run serially.

Atomicity and Durability
The key factor that effects the design of the GTM recovery procedures is the interface provided by the local DBMSs. If each local DBMS provides a prepare-to-commit operation for the transactions, then the task of ensuring atomicity is relatively simple, since an atomic commit protocol (2PC) can be used. But if local DBMSs do not support a prepare-to-commit operation, then it is possible that a global transaction commits at some sites and aborts at others. In this case, three different mechanisms for ensuring global transaction atomicity have been studied in the literature.

· Redo: The writes of the failed subtransaction are installed by executing a redo transaction  consisting of all the write operations executed by the subtransaction.

· Retry: The entire aborted subtransaction, and not only its write operations, is run again.

· Compensate: At each site where a subtransaction of a global transaction did commit, a compensating subtransaction is run to semantically undo the effects of the committed subtransaction.

Redo and retry techniques ensure the standard atomicity of transactions, while compensation provides a weaker notion of atomicity, since it is possible that the effects of the aborted global transactions re externalized to other transactions. This impacts the preservation of consistency in the systems. A combination of these different approaches can also be used.

Global Deadlocks
If local sites export wait-for-graph information, then the GTM could run conventional test to detect cycles in the wait-for-graph. However autonomous sites may not export such information. In such cases, it may be necessary to devise a strategy for approximating the union of the local wait-for-graphs. The basic idea is that if the GTM has submitted an action of global transaction Ti to a local site sk, and the GTM has not received a reply, then Ti could be involved in a wait at sk. If another global transaction Tj has executed actions at sk and has not yet committed everywhere, then Ti could be waiting, directly or indirectly, for Tj. In this fashion the GTM can construct an approximate wait-for-graph: if Ti ( Tj then Ti could be waiting for Tj. If a deadlock exists, then there will be a cycle in the approximate wait-for-graph. The converse however is not true; a cycle in the approximate wait-for-graph that is not a real deadlock is called a false deadlock. To reduce the likelihood of false deadlocks, the arc Ti  ( Tj may be added to the approximate wait-for-graph only after Ti has been blocked for some threshold amount of time.

Conclusion

Since user organizations in a multidatabase system are autonomous and may have substantial capital invested in the DBMS, it is unreasonable to assume that they will be willing to make modifications or lose control over their DBMS. Therefore it is imperative to develop methods that do not require major modifications to existing DBMS software but are able to support users data in a consistent and reliable manner.

Some of the problems that are still open to research  are outlined in this section. There are many applications where one must deal with both transaction processing boxes and boxes that do not have a notion of transaction. For example, some of the data can be stored in filesystems, CAD systems etc. How does one work in this environment without losing transactional capabilities. 

Also, there is a need to understand the performance implications of multidatabase transaction management. Most research has focused on how to run transactions in a heterogeneous environment, but we also need to evaluate the cost of transaction processing. For instance how much more expensive is it to run transactions when each box runs a different concurrency control protocol ?

Full data consistency and serializability can only be achieved in a multidatabase system by imposing restrictions that many consider severe. Thus there is a need to identify alternative forms of consistency and ways of restricting standard notions of consistency so that positive results can be stated rather than impossibility results.
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