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Abstract

In a parallel or a distributed database management system, a relation is often horizontally partitioned across
multiple nodes. To index a partitioned relation, usually either aglobal index is maintained for the entire relation,
or alternatively, individual local indexes are maintained one for each partition of the relation. The former is
costly to maintain because of remote updates and is also costly to use for complex queries, whereas the latter
wastes computing resources for highly selective database searches such as those done in the case of
transaction processing and is therefore not a scalable solution.

In this paper, atwo-tier index is proposed, which consists of local indexes and acoarse global index. Thisindex
method is suitable for transaction processing as well as for query processing. It not only is more efficient to
maintain and use than the conventional methods, but it also exploits parallelism and is more versatile, scalable,
and easier to migrate to for a non-partitioning DBMS. To maintain the consistency between the local indexes
and the coarse global index, efficient locking protocols are presented, which are designed to allow a high level of
concurrent operation.

1. Introduction

In a paralel or a distributed database management system, a set-oriented database object, such as a relation, may be
horizontally partitioned over multiple database nodes using a partitioning function, such as a hash on a Partition Key of
the object. The number of nodes that the object is partitioned across is called the Degree of Partitioning for the object,
and each of these nodes is called a Store Node of the object. The set of records of the object stored at each of its store
nodesis called a Partition of the object.

A database object is often indexed to enable associative access to its records. To index a partitioned object, one method
isto maintain a separate Local Index at each of its store nodes. Each Local Index is maintained for the respective partition
like a conventional index for a non-partitioned object. With this method, an index search request based on a key other
than the partition key hasto be sent to all the store nodes and be processed for every individual Local Index.! If qualified
records are found in most partitions, thisis an effective solution. If, however, qualified record(s) are found only in asmall
fraction of the partitions (e.g., for Transaction Processing or for checking key uniqueness), the processing at most of the
store nodes will be wasteful, and hence the transaction throughput will suffer. Therefore, thisLocal Index Only method
(see Figure 1) does not scale with the degree of partitioning.

An alternate method is to maintain a Global Index (see Figure 2) tha indexes records in all the partitions of the object
(e.g., as in Tandem's NonStop SQL [Tan87]). In this case, globally unique record IDs must be used in the index. A
globally unique record ID may be a concatenation of aPartition ID (PID), which identifies a store node, and aloca Record
ID (RID). Or it may be the Partition Key value of arecord if the Partition Key is unique (e.g., asin NonStop SQL). In the
latter case, the PID for an indexed record can be derived from the Partition Key value by applying the partitioning
function. The Global Index can be stored at any node, or can itself be partitioned.

1 1n some cases, broadcasting of the request is needed even if the search includes the partition key, e.g., a key-range search when hash
partitioning is used.



However, a Full Global Index is costly to maintain due to remote updates (which incur communication as well as locking
costs), and is also costly to use for complex queriesbecause:

Remote share (S) lock(s) must be acquired to assure serializability (i.e., repeatable read or degree 3 isolation [GrLo76]).
Otherwise, theretrieved record(s) have to be re-certified for all indexsearch conditions.

Index ANDing/ORing [MoHa90] (for multiple-index access) is expensive unless the participating Global Indexes are
stored at the same node and the record ID lists obtained from the indexes are short. However, storing Global Indexes
at the same node reduces parallelism and creates hot spot.

If alarge number of records are qualified, long lists of record IDs have to be sent to the respective store nodes for
record retrieval.

We shall call this method the Global Index Only method. In NonStop SQL, the primary key is required to be unique and
clustering of records is forced to be based on the primary key. Further, since the records are stored in the primary index,
updates to the primary key are disallowed and multiple tables records aren’t allowed to be intermixed and stored in a
clustered fashion. Locking is aso costly and less concurrent since it is required to be based on key values, which can
vary in length from index to index (see [MoLe92, Moha95] for details). If the global index were to refer to physical
locations of records, as in DB2, then, the reorganization of even a single partition will require extensive, random updates
to aglobal index since record IDswould change.

In this paper, we propose a Two-Tier Index for indexing partitioned data (see Figure 3), and present efficient locking
protocols to ensure the consistency of the index while allowing a high level of concurrent operation. Discussions
pertaining to the exploitation of two-tier indexes, such as when to create such an index, cost analysis, and query
optimization, are beyond the scope of this paper.

The rest of this paper is organized as follows. Section 2 contains adescription of the Two-Tier Indexing Method and the
advantages of this approach. In Section 3, locking problems for maintaining a two-tier index are discussed. An efficient
locking protocol that supports a high level of concurrency is then presented in Section 4. Thisisfollowed by examplesin
Section 5. Finally, asummary isgiven in Section 6.

2. ATwo-Tier Index

We propose a two -tier indexing method for a partitioned database object. Under this scheme, aLocal Index is maintained
for each partition of the object. (Either a RID or a Primary Key may be used as a record pointer in a Local Index.) In
addition, a Coarse Globa Index is optionally maintained which, except for a Unique Index, indexes the partitions but not
the individual records. For a Unique Index, the Global Index may also contain a record pointer for each indexed record to
allow aglobal search to bypass a Local Index access. (However, this extra pointer is not required. Storing internal record
pointers remotely may not be desirable for a distributed database in the interest of node integrity and autonomy.) Like a
Full Global Index, the Coarse Global Index may be stored at any node and may be partitioned if necessary. This hierarchy
of distributed indexes is maintained asa single, consistent index structure for the indexed object.

Even if multiple records in a partition have the same index key value, there will be only one entry for that key value and
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that partition in the Coarse Global Index. Therefore, only when the first instance of a key value is inserted into a Local
Index, a corresponding entry is inserted into the Global Index. Similarly, only when the last (i.e., the only) instance of a
key value is deleted from a Local Index, its corresponding entry is deleted from the Global Index. Since updating a Global
Index is much more expensive than updating a Local Index due to messages and two-phase-commit cost, this approach
could significantly reduce the index maintenance cost compared to the Full Global Index approach. Other benefits of the
two-tier indexing method are discussed below.

Two-tier indexes are typically used in the following manner to retrieve qualified records from a partitioned object. There
are many opportunities for query optimization, which are beyond the scope of this paper.

1. If thereisaselection predicate on the Partition Key that can be evaluated into PID(s), do so.
2. If thereis an applicable and sel ective Coarse Global Index, obtain the qualified PID(s) from it.

Sort PIDs and remove duplicates; Merge them with the PIDs obtained from Step 1 if there are any. (AND or OR
depending on the predicate)

For aUnique Index, local RID(s) are aso obtained if available.
Additional Coarse Global Indexes may also be used [MoHa9(].

If the PID list becomes long (i.e., the Global Index is not selectivewith respect to the selection predicate), the DBMS
may abort the Global Index access (and release S locks if any are held) and proceed to broadcast or multicast the
query instead (Step 3).

3. Otherwisg, or if the query is not partition-selective, let the qualified PIDs be (logically) the set of all partitions.

4. Send the query to the identified store node(s) for parallel evaluation.
Utilize any available local access methods (Local Indexe saswell as others, e.g., signature file [Fa85], R-tree [Gu84]).
The choice of which Local Indexesto use may be different from the Global Indexes that were used in Step 2.

Apply any suitable single-node evaluation techniques (e.g., index ANDing/ORing, list sorting, asynchronous |/O
[ChHa91, TeGus4]).

Each node may use a different query evaluation plan depending on the partition statistics, the record clustering
scheme, the applicable local access methods, and the availability and the relative costs of conputing resources.

For a non-repeatable-read transaction (in which case the scanned Global Index entries are not locked), arecord that is
retrieved using a RID obtained from a Unique Global Index should be re-certified to assure correct retrieval. (See
[MoHa90, M090a] for descriptions of techniques to reduce the need for thisre-evaluation.)

5. Mergethe query resultsif the query is evaluated at multiple nodes.

The Coarse Global Index is mainly used to reduce the search scope so that a query may be routed to selected node(s) for
processing. It may also be used to obtain global information on the index key such as the existence of a given key value
(e.g., to assure key uniqueness or to verify a referential integrity constraint) or the cardinality of distinct key values.
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Therefore, the Coarse Global Index helps to improve data access efficiency, reduce resource consumption, and enhance
the scalability of a partitioned database. Thus the two-tier indexing method, like the Global Index Only method, can
support a much higher transaction throughput than the Local Index Only method can, and, unlike the Global Index Only
method, can scale with the degree of partitioning. Thisis particularly useful for transaction processing where queries are
highly selective.

On the other hand, since every record and all its Local Index entries (aswell as other local access methods) are alwaysco-
located at the same node, the performance of complexquery evaluation and access method maintenance is significantly
enhanced because communication is reduced and the opportunity for parallelism is maximized. Thisis particularly useful
for asecondary index.

Furthermore, as a database design option, the Database Administrator (DBA) may choose to create only the Local
Indexes on a key without the corresponding Coarse Global Index. This eliminates the cost of maintaining a Global Index
altogether. Thisisuseful

When the index key is not partition-selective (i.e., each key value associates with many partitions),

When there is already an adequate method to route queries predicated on this key (e.g., using the partition function
to support equality search on the Partition Key), or

When there is no need to obtain global information on this key either by application or by the DBMS.

Note that even if a Coarse Global Index isnot maintained, the Local Indexes can still be useful for query evaluation within
their respective partitions (to support queries routed to this node, or to support local queries for adistributed database).

Therefore, the performance advantages of the two-tier indexing method over the Global Index Only solution or the Local
Index Only solution include the following:

More efficient to maintain than the Global Index Only solution when multiple instances of akey value exist at each
node

(Fewer messages; two-phase-commit savings)

More efficient to use

(Consume computing resources for the qualified partitions only; route function (query) instead of data (record-
pointer list); co-location of data and access methods)

Maximum opportunity for parallelism; reduced likelihood of hot spot and lock contention
(Parallelized: Local-Index access, Index ANDing/ORing, list sorting, index creation)

Local Indexes being available to facilitate joining (e.g., using the nested-loop join method) when the partitioned
relations are co-located with respect to the join operation (i.e., when both relations are partitioned on the join
column)

(Using a Global Index to do anested-loop join would be very costly)
More opportunitiesfor query optimization

(Using Coarse Global Indexesto route query; all local access methods being available for query evaluation; partition-
specific statistics and execution plan)
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These advantages are quite obvious and exampleswould betrivial.
In addition, the two-tier indexing method has the following architectural advantages:

More scalable than the Local Index Only solution
Compatible with any data partitioning scheme and clustering scheme [CoA188, DeGh90]

No separate logic needed to handle query broadcast, which is necessary to support search on an un-indexed field,
and no special treatment needed for indexing the Partition Key

Accommodate node heterogeneity and autonomy for a distributed database
Easier for aconventional, single-node (non-partitioning) DBM S to migrate to

3. Maintenance of a Two-Tier Index

A correct maintenance of a two-tier index structure, in order to allow a high level of concurrency, must deal with many
unobvious problems. First, locking must be performed for accessing each individual index, asin the conventional case, to
allow index-only accesses to the Global Index (e.g., for performing key-existence checks or counting distinct key values)
aswell asto aLocal Index (to support local queries). In addition, to maintain the consistency of the index hierarchy as a
whole, alocking protocol must be specified to correctly coordinate the insertion and deletion of index entries between a
Global Index and its Local Indexes. Specifically, the protocol must guarantee the following:

If the Global Index indicates that a particular key value exists in a particular partition, then the Local Index for that
partition should contain that key value.

If the Global Index indicates that a particular key value is not present in a particular partition, then the Local Index of
that partition should not contain that key value.

A high-level specification of the insertion and deletion of an index key may be described as follows:
KEY INSERT:

If this is a Unique Index and the key value being inserted is already present in the Local Index, then

Confirm that the already existing key is committed, or, that it is this transaction's uncommitted insert, by locking it
in S mode. If, after the lock is acquired, the key is still there then return with a unique-keyviolation error.

Insert the key in the Local Index.

If the key has a value that is not already present in any of the keys currently in the Local Index, then
If this is not a Unique Index, then insert an entry with that key value for this partition into the Global Index.
If this is a Unique Index and the key value being inserted is already present in the Global Index, then

Confirm that the already existing key is committed, or, that it is this transaction's uncommitted insert, by
locking it in S mode. If after the lock is acquired the key is still there, then the Local Index insert is undone
and a unique-key-violation error is returned.

If this is a Unique Index and the key value being inserted is not already present in the Global Index, then insert an
entry with that key value for this partition into the Global Index.

KEY DELETE

Delete the key from the Local Index.

If the deleted key is the last (only) instance of its key value in the Local Index, then
Delete the entry with that key value for this partition from the Global Index.

L ocking Problems

While making the above checks for whether the Local Index insert is the insert of the very first instance of akey value or
the delete is the delete of the only currently -present instance of a key value, we have to be sure that there is no
uncommitted insert or delete which could subsequently falsify the above inferences. Otherwise, inconsistency can arise



between the Local Index and the Global Index. To illustrate this, let us consider the following example with transactions
Tland T2

T1 Inserts <"San Jose", 100> into Local Index of partition P1.

Since this is the first instance of key value "San Jose" in the Local Index, T1 inserts the key <"San Jose", P1> into
the Global Index.

T2 Inserts <"San Jose", 110> into Local Index of P1.
Since "San Jose" already exists, T2 does not update the Global Index.
T2 Commits.
T1 Rolls back, thereby deleting its "San Jose" entries from the Local Index and the Global Index.
This leaves the entry inserted by T2 in the Local Index without a corresponding entry in the Global Index.

The problem arose because T2 relied on the uncommitted key inserted by T1 to conclude that it (T2) did not have to
update the Global Index. It should be noted that making T1, at the time of undoing the insert of <"San Jose", 100>, notice
that there is still one more instance of San Jose left in that Local Index and hence not perform undo on the Global Index, ?
introduces a complex set of unobvious recovery and performance problems. With this approach, T1 would not do the
delete from the Global Index. This could still cause inconsistency if T1's earlier insert into the Global Index does not
survive acrash at the Global Index's node and itslog records might have been lost from virtual storage.

A possible solution to this problem would be to make T2 ensure that what it seesin the Local Index is committed data by
locking it. If, after the lock is granted, the original key value is still there, then it can conclude that the Global Index does
not need to be updated. This approach forces the Inserter to acquire an extralock, and, in the case of key value locking
[Mo90b, Moha95], also prevents other transactions from inserting other keys with the same key value concurrently.

A similar problem aso occurs if a Global Index operation relies on an uncommitted delete of the last instance of a key
valuein aLocal Index by another transaction.

In the next section, we present alocking protocol which

Minimizes the number of locks acquired to enhance efficiency,
Usesminimum (i.e., least restrictive) lock modes and lock durations to improve concurrency,

Is compatible with, and further enhances, existing index management schemes to support high performance
operation, and
Does not require a new method to handle recovery, i.e., each Global Index or Local Index can be recovered separately
inaconventional way (e.g., asin System R [GrMc81] or ARIES[MoHa92, Moha99]).
We assume that the readers of this paper are familiar with the System R lock modes, the compatibility relationships
amongst them and the durations of locking [GrLo76, MoLe92, Mo90b]. We also assume that each Global or Local Index is
implemented using a B'-tree.

Besides maintaining the consistency between a Global Index and its Local Indexes, this protocol also exploits the
following techniques to assure correct operation on each individual (Globa or Local) index, while supporting high
concurrency.

To assure key uniqueness for a Unique Index

Problem T1 deletes akey and T2 inserts a key with the same key value. If T2 commits and T1 rolls back, then there will be
two instances of that key.

2 This means that the undo of the Global Index is based on the current state of the Local Index after an undo is performed
on the Local Index. Thisis called logical undo and it is discussed in [MoHa92] in the context of how undos for free space
inventory pages are done at the time of undo of data page updates.



Solution: Before deleting a key, T1 leaves a tombstone by holding a lock on the next key for COMMIT duration. Before
inserting a key, T2 acquires an incompatible lock on the next key for INSTANT duration to be sure of the absence of a
tombstone.

To support Repeatable-Read (RR)

Problem A key read by a RR transaction T1 may be deleted by T2 before T1 commits, or a key not found by T1 may be
subsequently inserted by T2, thereby making key reading non-repeatable to T1. Similarly, T1 may miss a key deleted by
T2, and later T2 rolls back making the read non-repeatableto T1.

Solution: T1 acquires alock for COMMIT duration on every key it reads. If akey is not found, alock would be held on
the next key. To delete akey, T2 acquires an incompatible lock on the key for INSTANT duration to make sure it has not
been read by a RR transaction, and acquires an incompatible lock on the next key for COMMIT duration to prevent a RR
transaction from missing the deleted key (i.e., reading the hole). To insert akey, T2 acquires an incompatible lock on the
next key for INSTANT duration to make sure the inserted key has not been missed by a RR transaction, and acquires an
incompatible lock on the inserted key for COMMIT duration to prevent other transactions from reading it.

To avoid deadlocksinvolving latches

Problem When any lock is requested while holding one or more page latches, if the lock is not immediately acquirable,
then adeadl ock involving the latch(es) could occur.

Solution: To avoid a deadlock involving latches, when a lock is not immediately available, all held latches must be
released before waiting for the lock. If alock is acquired without the appropriate latch(es) being held at the time of lock
acquisition, then the previously inferred information must be revalidated by reacquiring the latch(es) [MoL €92, Mo90b,
Moha95].

4. An Efficient L ocking Protocol
To minimize the cost of locking, we are able to limit locking to only thoseinvolving
The key being inserted or deleted,
The key following the one being inserted or deleted, and
In the case of nonrunique local indexes, occasionally, the key preceding the one being inserted or deleted.

In the following, an Entry Locking protocol is presented, which exploits the Commit_LSN idea of [M090a]. It also
enhances the ARIES/IM protocol [MoLe92, Moha95] by using additional lock modes to exploit more of the semantics of
the operations and the state of the index, thereby allowing even higher concurrency between Reader, Inserter and Deleter
transactions. For our purpose, an Index Entry is a<Key Value, Pointer> pair. InaLocal Index, the Pointer may beaRID
or a Primary Key. In a Global Index, the Pointer may be a PID or a Partition Key, or if the index is unique, it may be a
<PID,RID> pair or a unique Partition Key. A similar protocol for Key-Value Locking is given in the Appendix. It is an
extension of the ARIES/KVL protocol [Mo90b, Moha95].

The locks (mode and duration) that are to be acquired for the different indexes and different index operations are
summarized in Table 1 and 2 For each index operation, the order in which these locks are acquired is: the next entry, the
previous entry if necessary, and the current entry. An Insert or Del ete operation that needs to be performed on the Global
Index can beinitiated only after all the locking required for performing the corresponding Local Index operation has been
completed. Thisis because only after the latter isfinished can it be correctly determined whether a Global Index operation
isin fact needed.



NEXT ENTRY PREVIOUSENTRY CURRENT ENTRY
READ No Lock No Lock {Manual, Commit} S
Manual IF Cursor-Stability
Commit |F Repeatable-Read
INSERT | Ingant IX Ingtant 1S Commit {X, SIX, IX}
IF (global exists) AND X IF (first instance) OR
(next* current) AND (prev heldin X) OR
(prev=current) AND (next held in X)
(LSN of prev’'spage SIX IF (next hdd in Sor SIX)
3 Commit LSN) IX Otherwise
DELETE | Commit S X Ingtant S Instant X
IF (global exists) AND
(next! current) AND
(prev=current) AND
(LSN of prev’'spage
3 Commit LSN)
Tablel Entry locking for Non-Unique L ocal I ndexes
NEXT ENTRY CURRENT ENTRY
READ No Lock {Manual, Commit} S
Manual |F Cursor-Stability
Commit |F Repeatable-Read
INSERT | Indant IX Commit {SIX, IX}
SIX IF(nextheldinS, SIX or X)
IX  Otherwise
DELETE | Commit SIX Ingtant X

Table 2 Entry L ocking Protocol for Unique L ocal I ndexesand for Unique and Non-Unique Global I ndexes

We shall discuss the protocol's design for a Local Index only. The protocol for a Global Index is the same as that for a

Unique Loca Index(Table 2).
4.1 READ Operation

The locking for aread operation is the same as that under a conventional protocol: an Slock is acquired on the current
entry. If a key is not found, then the next entry would be locked to ensure that the missed key is not currently in the
uncommitted state and that it is not inserted subsequently by another transaction until the reading transaction

terminates.
4.1.1 Current Entry

The duration of thelock depends on the consistency level required by the transaction:

For a Cursor-Stability (CS) transaction,

Lock current entry in S mode for Manual duration

(i.e., release the lock when the read cursor moves away from the key)
For a Repeatable-Read (RR) transaction,

Lock current entry in S mode for Commit duration



4.2 INSERT Operation
4.2.1 Next Entry

The next entry's lock must always be obtained. If there is no next entry, then a special End-of-Index lock that is specific to
thisLocal Index isused for this purpose.

Lock next entry in1X mode for Instant duration
Thislock handles the following:
To ensure that no RR transaction has missed this key.
For aUnique Index, to ensure that there is no uncommitted delete of the to-be-inserted key value.

If there is no other instance of the to-be-inserted key, to ensurethat there is no uncommitted delete of such akey so
that a Global Index insert can be safely performed.

If the next entry has the same key value as the to-be-inserted key, to ensure that it is not an uncommitted insert so
that a Global Index insert is not needed.

4.2.2 Previous Entry

The previous entry needs to be locked only if the following conditions are true:
IF (non-unique index) AND (global index exists) AND
(next entry's key value ? to-be-inserted entry's key value) AND
(previous entry's key value = to-be-inserted entry's key value) AND
((LSN of page containing previous entry) = Commit_LSN)
THEN lock previous entry in IS modefor Instant duration
Theintent behind thislocking is

To ensure that the Inserter of the first-inserted instance of the key value being inserted has committed and so a
Global Index insertion is not needed, or

To determine that the first-inserted instance of that key value is an uncommitted insert by the current transaction
itsef.

Thislock reguest can be avoided if the Commit_L SN mechanism [M090a] can be used to infer that the previous entry isin
the committed state.

4.2.3 Current (To-Be-Inserted) Entry

The lock mode to be acquired on the to-be-inserted entry is determined by the following:

IF (thisisanon-unique Local Index) AND
((first instance of key value is being inserted) OR
(previous entry had to be locked now and it was found to be already locked in X mode by current transaction) OR
(next entry already locked in X mode by current transaction))
THEN
lock entry to be inserted inX mode for Commit duration
ELSE
IF (next entry already locked in X, SIX or Smode by current transaction)
THEN
lock entry to beinserted in SIX mode for Commit duration
ELSE
lock entry to beinserted in IX mode for Commit duration



At least an I X lock needs to be acquired to ensure that other transactions do not read uncommitted data and that Deleters
do not create atombstone (see next section) on this uncommitted entry. Such atombstone, if allowed, will disappear if the
uncommitted insertion were to be rolled back.

If the current transaction had earlier performed a (repeatable) read of the next entry, the Lock Manager, viathe return code
on the I X lock request on the next entry, indicates that an S or SIX lock is being held by the current transaction. Then, the
Reader-cumnserter's next entry's S lock must be added on to the to-be-inserted entry to replicate the missed-you note,
so that the newly inserted entry does not hide the missed-you note thereby allowing another transaction to insert an
entry behind the newly inserted entry. (Thisis called lock state replication via next key locking in [Mo90b, Moha95].)

If the current transaction is the Inserter of the firstinserted instance of the current key value, then the return code from
the Lock Manager, either when the Instant 1X lock is requested on the next entry or when the Instant IS lock is requested
on the previous entry, will indicate that the current transaction already holds an X lock on the respective entry. In this
case, the current transaction will obtain an X lock on the current entry also. This is a left (and respectively, right) side
propagation of the uncommitted first instance information. This propagation is not necessary if the Loca Index is a
Unique Index. In that case, the first Inserter needs to get only an IX lock and the one attempting a subsequent insert
would request an S lock on the already existing entry to decide whether there is a unique-key violation. Before a unique-
key violation can be reported it must be determined that either the first instance is in the committed state or that it is an
insert by the current transaction.

4.3 DELETE Operation
4.3.1 Next Entry
Lock next entry in SIX mode for Commitduration
Thislock isacquired to handle the following:
To leave behind atombstone indicating an uncommitted del ete to Reader transactions.

The lock on the tombstone entry must be such that no other transaction is able to (1) hide the tombstone by inserting an
entry behind the tombstone entry with a higher key than the deleted key (i.e., to prevent the insert of a key between the
deleted key and the tombstone key), and (2) delete the tombstone entry. (1) is taken care of by making Inserters acquire
an IX lock on the next entry since I X conflicts with SIX, and (2) is taken care of by making Deleters acquire an X lock on
the to-be-deleted entry. If the same transaction that performed the original delete inserts an entry behind the tombstone,
then it finds out about the original tombstone via the Lock Manager return code on the next entry lock during insert and
replicates the tombstone on to the newly inserted entry by acquiring an SIX or X lock on the new entry, instead of the
usual IX lock. If the torrbstone is being deleted by the same transaction then the tombstone gets replicated on to the
entry next to the original tombstone due to the SIX lock that is acquired on the next entry during a del ete.

For aUnique Index, to alert apotential Inserter of the same key value about the uncommitted delete of that key value.

If the next entry's key value is the same as that of the to-be-deleted entry, to ensure that at least one instance of that
key value will not be deleted by another transaction until the curent transaction terminates. Thus the Global Index
entry cannot be deleted by another transaction and the current transaction can roll back safely.

If the only instance of a key value is being deleted (and thus the corresponding Global Index entry will also be
deleted), to ensure that no other transaction is able to insert any instance of that key value until the current
transaction terminates. Such an Inserter would insert an entry into the Global Index and would create a problem if the
current transaction were to roll back and restore the Global Index entry that it del eted.

4.3.2 Previous Entry
The previous entry needs to be locked only if the following conditions are true:

IF (non-uniqueindex) AND (global index exists) AND
(next entry's key value ? to-be-deleted entry's key value) AND
(previous entry's key value = to-be-del eted entry's key value) AND
((L'SN of page containing previous entry) = Commit_LSN)

THEN lock previous entry in S mode for Instant duration
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Theintent of thislock is

To see if there exists currently in the Index at least one instance of the key value being deleted that is in the
committed state, or

To determine that all the existing ingances of that key value are uncommitted inserts by the current transaction.

If the current transaction thinks that it is not deleting the only instance of the key value and hence it does not have to
delete the Global Index entry, then it has to make sure that later all the remaining instances of the key value do not get
deleted because they are all uncommitted inserts and all the inserting transactions roll back those inserts, thereby
erroneously leaving behind the key value in the Globa Index. If al the remaining instances of the key value are
uncommitted inserts of transactions other than the current one, then the current transaction has to wait (e.g., by
requesting an S lock on the previous entry) until at least one of those transactions terminates and check the state of the

keys again.

If the current transaction is the one that inserted the previous entry (and, possibly, all other instances of the key value
also), then the current transaction can safely delete the current entry. Thisis becauseif the current transaction rolls back
then it will reinsert the current entry and so there will be no need to modify the Global Index. On the other hand, if the
current transaction were to subsequently delete (in forward processing) al the other instances then it will at that time
delete the corresponding entry in the Global Index.

4.3.3 Current (To-Be-Deleted) Entry
Lock entry to be deleted in X mode for I nstant duration

4.4 Remarks

Comparing this protocol to ARIES/IM, additional concurrency is provided by exploiting more lock modes and sometimes
an additional lock (on the previous entry) is acquired. The latter occurs only in a non-unique Local Index when the entry
being inserted (or, deleted) is the rightmost instance of an already existing key value. This extralock may be avoided if
the Commit_L SN technique [M0904] is used to infer that the previous entry is a committed one.

Furthermore, index insertion and deletion normally follow the insertion, deletion, or update of adata record. If adata-only
locking approach [MoLe92, Moha95] is followed, the Index Manager may often forego the locking on the current entry.
Thisisbecause either an I X lock (in the case of arecord insertion) or an X lock (in the case of arecord update or deletion)
would have been obtained on the corresponding data record before the Index Manager is called.

5. Examples

The intricacy of this protocol can be illustrated through examples. Consider the following non-unique index in a
committed state, where each index entry isa<Key Value, Pointer> pair.

Local Index (L1) on partition 1 (P1) contains:
<"A",100>, <"B",105>, <"B",300>, <"G",155>, <"H",50>
Local Index (L2) on partition 2 (P2) contains:
<"B",200>, <"C",50>, <"C",110>, <"G",108>
The corresponding coarse Global Index (Gl) contains:
<'A"1>, <'B" 1>, <'B" 2>, <'C" 2>, <'G" 1>, <"G" 2>, <"H",1>
Each of the following scenarios acts independently on this two-tier index.
5.1 Scenariol
Tlinserts<"D",305> and then <"D",310> and <"D",306> into L 1. Before T1 commits, T2 triesto insert <"D",400> into L 1.
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T1: L1 processing:
Locks Instant IX <"G",155> (next entry)
Locks Commit X <"D",305>  (current entry; first instance of "D")
Inserts <"D",305> into L1
Determines the need to insert <"D",1> into Gl
Gl processing:
Locks Instant IX <"G",1>  (next entry)
Locks Commit IX<"D",1>  (current entry)
Inserts <"D",1> into Gl
L1 processing:
Locks Instant IX <"G",155> (next entry)
Locks Instant IS <"D",305> (previous entry)
Locks Commit X <"D",310> (X on current since previous held in X)
Inserts <"D",310> into L1
Determines no need for insert into Gl
L1 processing:
Locks Instant IX <"D",310> (next entry)
Locks Commit X <"D",306> (X on current since next held in X)
Inserts <"D",306> into L1
Determines no need for insert into Gl
T2: L1 processing:
Locks Instant IX <"G",155> (next entry)
Waits to acquire Instant IS on <"D",310> (previous entry)
(blocked by T1's Commit X)

Delaying T2's insert until T1 commits or rolls back is necessary. Otherwise, T2 has to decide whether or not to insert
<"D",1> into Gl based on T1's uncommitted insert. The X lock on <"D",310> (respectively, <"D",306>) isaright (Ieft) side
propagation of the uncommitted first instance information. Otherwise, <"D",310> and <"D",306> would hide the
uncommitted first instance <"D",305>.

5.2 Scenario 2
T1linserts<"B",305> intoL1. Before T1 commits, T2 inserts<"B",400> into L 1.
T1: L1 processing:

Locks Instant IX <"G",155>  (next entry)

Locks Instant IS <"B",300>  (previous entry)

Locks Commit IX <"B",305>  (current entry; not first instance)

Inserts <"B",305>into L1

Determines no need for insert into Gl



T2: L1 processing:
Locks Instant IX <"G",155>  (next entry)
Locks Instant IS <"B",305>  (previous entry)
Locks Commit IX <"B",400>  (current entry; not first instance)
Inserts <"B",400> into L1
Determines no need for insert into Gl

T2 can proceed since there exists a committed "B" in L1. This is enabled by T2's ability to acquire the IS lock on
<"B",305> sinceit is compatible with the IX lock held by T1.

5.3 Scenario 3
T1 deletes<"B",300> and <"G",155> from L 1. Before T1 commits, T2 triesto insert <"B",5> and <"G",400> into L 1.
T1: L1 processing:
Locks Commit SIX <"G",155> (next entry)
Locks Instant S <"B",105>  (prev entry; to ensure not uncommitted)
Locks Instant X <"B",300>  (current entry)
Deletes <"B",300> from L1
Determines no need to delete from Gl
L1 processing:
Locks Commit SIX <"H",50>  (next entry)
Locks Instant X <"G",155>  (current entry)
Deletes <"G",155> from L1
Determines the need to delete <"G",1> from Gl
Gl processing:
Locks Commit SIX <"G",2> (next entry)
Locks Instant X <"G",1> (current entry)
Deletes <"G",1> from Gl
T2: L1 processing:
Locks Instant IX <"B",105>  (next entry)
Locks Commit IX <"B",5> (current entry)
Inserts <"B",5> into L1
Determines no need for insert into Gl
L1 processing:
Waits to acquire Instant IX on <"H",50> (next entry)
(blocked by T1's Commit SIX)

In spite of the uncommitted delete of <"B",300> by T1, T2 is able to insert another instance of B. Thisis okay because
thereis acommitted instance of B (<"B",105>).
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Delaying T2's insert is necessary to prevent T2 from inserting a <"G",1> into @ based on the uncommitted delete of
<"G",155> by T1.

5.4 Scenario4
Tlinserts<"G",220> into L1 and then deletes <"G",155> from L 1. Before T1 commits, T2 inserts<"G",230> into L 1.
T1: L1 processing:
Locks Instant IX <"H",50>  (next entry)
Locks Instant IS <"G",155>  (previous entry)
Locks Commit IX <"G",220>  (current entry)
Inserts <"G",220> into L1
Determines no need for insert into Gl
L1 processing:
Locks Commit SIX <"G",220>  (next entry)
Locks Instant X <"G",155>  (current entry)
Deletes <"G",155> from L1
Determines no need for delete fromGl
T2: L1 processing:
Locks Instant IX <"H",50>  (next entry)
Locks Instant IS <"G",220>  (previous entry)
Locks Commit IX <"G",230>  (current entry)
Inserts <"G",230> into L1
Determines no need for insert into Gl

Even though <"G",220> is an uncommitted insert by T1, T2 is able to insert <"G",230> immediately since the IS lock
requested by T2 on <"G",220> is compatible with the SIX lock held by T1. Thisis okay because there will be a committed
instance of "G" in L1 in any case. If T1 rolls back, then <"G",155> will remain. If T1 commits, then <"G",220> will be
committed. If T1 commits after a partial abort, which causes the delete to be undone but not the insert, both <"G",155>
and <"G",220> will remain when T1 terminates.

If <"G",155> had not existed in L1 before T1 began, then an X lock would have been obtained by T1 on <"G",220>. This
would block T2'sinsertion until T1 terminates.

5.5 Scenario5

T1 reads records with key value Avial 1 (repeatable-read), and then inserts <"A",108> and <"A",101>into L 1. Before T1
commits, T2 triesto insert <"A",103>into L 1.

T1: L1 processing:
Locks Commit S <"A",100>
Reads record 100
Locks Commit S <"B",105> (no more "A"is found in L1)
L1 processing:

Locks Instant IX <"B",105>  (next entry)
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Locks Instant IS <"A",100>  (previous entry)
Locks Commit SIX <"A",108>  (SIX on current since next held in S)
Inserts <"A",108> into L1
Determines no need for insert into Gl
L1 processing:
Locks Instant IX <"A",108>  (next entry)
Locks Commit SIX<"A", 101> (SIX on current since next held in SIX)
Inserts <"A",101>into L1
Determines no need for insert into Gl
T2: L1 processing:
Waits to acquire Instant IX on <"A",108> (next entry)
(blocked by T1's Commit SIX)

The Commit Slock held by T1 on <"B",105> prevents an insertion of A by another transaction. The Commit SIX lock on
<"A",108> propagates this S lock to the newly inserted entry so that no other transaction can insert an entry between
<"A",100> and <"A",108>. A similar propagation happensfor <"A",101>.

6. SUMmMary

In this paper, we proposed a two-tier index structure for indexing a partitioned database object and presented an efficient
method to maintain such an index to support a high-concurrency operation. This indexing scheme has a variety of
advantages over the conventional schemes, including exploitation of parallelism for complex queries and efficient search
for selective queries. Therefore, it is aversatile and scalable solution suitable for both Query Processing and Transaction
Processing.

The two-tier index structure can easily be extended to a multi-tier one in alarge network of database nodes. For example, a
(coarse) global index may be maintained for each cluster of nodes connected by a LAN, and amore global index may be
maintained for a geographic area comprising of multiple clusters connected by a WAN, and so on. The conventional

indexing methods would not be feasible in this environment. Each global index in this multi-tier structure may be
associated with a particular search scope (i.e., a semantic subset) of a relation. A database query qualified by a specific
search scope may use the suitable global index(es) from this hierarchy of indexes.

The proposed indexing scheme offers many opportunities for optimization. An analysis of various cost trade-offs and a
discussion on query optimization are beyond the scope of this paper.
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8. Appendix: Key-Value L ocking Protocol

A Key-Vaue Locking protocol for a two-tier index is given here. It is an enhancement of the ARIES/KVL protocol
[M090b, Moha95]. Tables 3 4 and 5 show the locks that are to be acquired. Notice that alock on the previous key value
is not needed. Also, note that for non-unique indexes next locking is done only sometimes. The protocol for a unique
index (Table 5) isidentical to that of entry locking (Table 2).

NEXT KEY VALUE | CURRENT KEY VALUE
READ No Lock {Manual, Commit} S
Manual |IF Cursor-Stability
Commit |F Repeatable-Read
INSERT | Indant IX Commit {X, IX}
IF (firstinstance) X IF (first instance) AND
((global index exists) OR
(next heldin S, SIX or X))
IX Otherwise
DELETE | Commit SIX {Ingtant, Commit} X
IF (only instance) Ingtant IF (only instance)
CommitOtherwise

Table 3 Key-Value L ocking Protocol for Non-Unique Local Indexes

NEXT KEY VALUE CURRENT KEY VALUE
READ No Lock {Manual, Commit} S
Manua |IF Cursor-Stability
Commit |F Repeatable-Read
INSERT | Ingant IX Commit {SIX, IX}
IF (first instance) SIX IF(nextheldin S, SIX or X)
IX Otherwise
DELETE | Commit SIX {Ingtant, Commit} X
IF (definitely or possibly | Instant IF (only instance)
only instance) Commit Otherwise

Table4 Key-Value L ocking Protocol for Non-Unique Global Indexes

NEXT KEY VALUE CURRENT KEY VALUE
READ No Lock {Manual, Commit} S
Manua IF Cursor-Stability
Commit |F Repeatable-Read
INSERT | Indant IX Commit {3 X, IX}
SX IF(nexthedinS, SIX or X)
IX Otherwise
DELETE | Commit SIX Instant X

Table5 Key-Value L ocking Protocol for Unique L ocal Indexesand Unique Global Indexes
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