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Abstract

Advanced data engineering applications require a large-
scale storage system that is both scalable and dependable.
In such a system, an atomic commit protocol becomes im-
perative to ensure the consistency and atomicity of trans-
actions. In this paper we present a new commit protocol,
BA-1.5PC, which is well tailored to such distributed storage
environments as autonomous disks [20] that use a primary-
backup storage schema. The protocol achieves an efficient
commit process while also guaranteeing a high dependabil-
ity by combining several approaches: (1) a low-overhead
log mechanism that eliminates blocking disk 1/Os, (2) re-
moving the voting phase from commit processing to gain a
faster commit process, and (3) a primary-backup assisted
recovery strategy to enhance dependability in the presence
of possible failures, so that a master failure in the deci-
sion phase will not block prepared cohorts of a transac-
tion. Experiments were carried out on a trial version of
an autonomous disks system to verify its efficiency. The
results indicate that this protocol significantly outperforms
several well-known commit protocols in terms of transac-
tion throughput.

1 Introduction

Future applications of advanced databases will require
scalable, dependable and highly efficient storage sys-
tems [12]. Among the many parallel storage systems that
have been proposed [12, 15], clusters of share-nothing ma-
chines, which share no memory or disk among nodes in the
system, show promise for large-scale distributed storage be-
cause of their high scalability. Autonomous disks [20] (Au-
toDisk) provides such a solution to scalable distributed stor-
age. An autonomous disks system is configured as a cluster

of disk drives interconnected in a network. Data are parti-
tioned into all disks, and these disks receive accesses uni-
formly via a distributed directory Fat-Btree [21]. Each disk
(called a PE hereafter) is equipped with a disk-resident in-
telligent processor to handle data distribution and load bal-
ance. With carefully designed protocols, they are able to
tolerate unexpected disk or software failures.

When the distributed storage system expands, the possi-
bility increases that some parts will fail. To improve data
availability in the face of disk failures, the Autodisk system
adopts chained declustering [9] as a primary-backup stor-
age schema, by which the data on each disk (primary data)
are replicated in the logically neighboring PE (backup data),
so that when one PE fails, the data stored in that PE is still
available as the backup data. Accesses to that part of the
data are forwarded to the replica, thus masking the PE fail-
ure to user applications. Users can continue to search and
update that part of the data despite the absence of a PE in the
system, although with possibly degraded performance be-
cause of data migration and load balancing for reconfigura-
tion. Acceptable performance degradation is thus achieved
despite software/hardware failures at some PEs.

The Fat-Btree directory can provide fast indexing and
high retrieval throughput in AutoDisk, but its strategy of
partial duplication also adds complexity to structure mod-
ification operations (SMOs). With Fat-Btree, index pages
are partially copied across PEs. When an insertion of one
object into a PE causes a SMO at an index page, all PEs
that maintain a copy of that index page must be updated
synchronously. As the SMO propagates upward to higher
index pages, more PEs become involved in this SMO. Ul-
timately, an update to the root requires all the PEs in the
system to participate in the synchronization. This makes it
necessary to borrow the concepts of transactions with their
ACID properties, and thus an atomic commit protocol be-
comes imperative to guarantee the correctness of data in



AutoDisk. For a transaction in AutoDisk (usually an inser-
tion or deletion that can cause a SMO), the PE that initiates
the transaction is called the master. All other PEs that own
a copy of the affected index pages are cohorts of the trans-
action.

Unfortunately, existing commit protocols cannot yield
satisfactory performance if applied directly to AutoDisk.
The best known of all commit protocols is two-phase com-
mit (2PC). However, it can produce severe delays while syn-
chronizing the copies under the primary-backup scheme.
2PC is also prone to blocking cohorts if a master fails in the
decision phase. Although there have been many attempts
at commit protocols that ameliorate the drawbacks of 2PC,
none can fully exploit the features of AutoDisk, nor can they
provide the high efficiency and nonblocking properties that
are desirable for AutoDisk.

We propose a commit protocol to achieve high efficiency
and nonblocking properties by exploiting the characteris-
tics of AutoDisk. This protocol can be applied to any stor-
age system in which primary-backup chained declustering
is adopted. This protocol, named backup-assist 1.5-phase
commit protocol (BA-1.5PC), borrows from IYV the idea
of eliminating the vote phase of commit processing by im-
plicitly including the vote in the acknowledge message from
a cohort to the master. Hence, the number of messages ex-
changed during commit is reduced. Unlike IYV, in which a
cohort stores part of its online transaction information (redo
log and read locks) to the master, BA-1.5PC eliminates the
need for a forced write of the log message by using an
improved form of neighbor WAL [10] (nWAL), a natural
extension of nWAL in the primary-backup environment, to
greatly reduce overhead related to log writes.

BA-1.5PC handles failures effectively by exploiting the
primary-backup structure. If a cohort fails, the backup of
that cohort can assume its role in the transaction. Log
records for operations during the cohort’s absence will be
maintained by the backup cohort until the failed cohort is
fixed and restarts. During its recovery, it can easily restore
its state without the participation of the master by reading
the complete list of log records at its backup and applying
them to bring its data up to date. A highlight of this protocol
is that a master failure during transaction processing is also
surmounted by its backup. Like cohorts, a master’s backup
is located in its logical neighbor. If the primary master fails
before the decision phase, the backup master will automati-
cally abort the transaction. On the other hand, if the master
fails during the decision phase, leaving some cohorts un-
aware of the final decision, the backup master will assume
the master’s responsibility, and reinform all cohorts of the
result of transaction, instead of forcing other cohorts to wait
until the failed master finishes its restart and recovery.

BA-1.5PC significantly improves the performance of
commit processing. It also solves the difficult blocking

problems caused by a master failure, which is a consider-
able enhancement to traditional low-overhead commit pro-
tocols such as IYV. In addition, BA-1.5PC requires only
that participating PEs employ a two-phase locking-based
concurrency control protocol [4]. Most existing distributed
systems are based on this classical protocol.

The rest of this paper is organized as follows. In Section
2 we briefly review some related research work. We analyze
the model and features of the AutoDisk system in Section
3, and then propose the BA-1.5PC protocol in Section 4.
Failure recovery strategies are also presented in this section.
Experiments that show the performance of this protocol in
contrast to some other well-known protocols are described
in Section 5. The final section gives our conclusions and
some future directions.

2 Related research

Distributed database systems must guarantee the consis-
tency of distributed transactions, i.e., all sites participating
in a transaction either unanimously commit or unanimously
abort any transaction. Usually this is achieved by applying
an atomic commit protocol (ACP) at the end of the transac-
tion. The most widely accepted ACP is two-phase commit
(2PC). Although widely used, 2PC is recognized to have
two major drawbacks [1]. (1) It imposes a heavy overhead
on the transaction commit processing in terms of time de-
lays related to message exchanges and forced log writes,
and thus causes substantial delay even in the absence of
failures. (2) It can cause serious consequences by putting
a cohort in a prepared state after a cohort has voted “Yes”
for a transaction in the vote phase [5]. A cohort in the pre-
pared state will be blocked waiting for a decision from the
master for an arbitrarily long time if the master fails after
issuing the vote requests to cohorts but before broadcasting
the decision to cohorts. Moreover, it forces a transaction to
abort even after it has been successfully processed if any of
its cohorts is unreachable during the voting phase.

There has been much research to overcome the deficien-
cies of 2PC. Despite the emphases these studies place on
different aspects, they can be largely categorized into two
classes, although their efforts may partly overlap. One cat-
egory is protocols that aim to minimize overhead incurred
in commit processing, while protocols in the other category
attempt to achieve a nonblocking commit protocol.

2.1 Low-cost ACP

The main sources of latency in an ACP can be classified
into three types: message exchange overhead, forced log
writes, and the convoy effect caused by transactions waiting
for resources held by other transactions waiting to commit.
The Presumed Abort (PA) protocol and Presumed Commit



(PC) [14] protocol are direct variations of 2PC that try to
reduce the number of messages exchanged during commit
processing as well as the count of forced log writes by mak-
ing some assumptions. PA [14] assumes that a transaction
is aborted if it is not explicitly committed. With PA, a mas-
ter requires no acknowledge messages from cohorts for the
abort decision message in the decision phase. Neither the
master nor the cohorts require a forced write to the decision
log for an aborted transaction to reduce the overhead of syn-
chronized disk I/O. PC [14] is a counterpart of PA in which
a transaction is assumed to be committed if it has not been
explicitly aborted. PC requires acknowledge messages from
cohorts to the master only for aborted transactions, and re-
quires a forced write to the decision log only for aborted
transactions.

Both PA and PC seek to reduce commit process overhead
by reducing acknowledge messages and forced log writes
in the decision phase, while the voting phase remains the
same as for 2PC. One-phase commit (1PC) goes a step fur-
ther by removing the explicit voting phase from the commit
process. 1PC was first suggested in [6], and several varia-
tions have already been proposed. The Early Prepare (EP)
Protocol [18] assumes that a cohort is prepared to commit
after the master receives an acknowledge message from it
for each operation. It implicitly includes the cohort’s vote
in the acknowledge message to remove the explicit voting
phase. Its main drawback is that a cohort must perform a
forced write to a log for each operation, which leads to se-
rious disk blocking time. What is more, the master must
force a membership log record to a disk when initializing
the transaction and each time the membership of that trans-
action expands.

The Coordinator Log (CL) protocol [19] avoids the co-
hort’s forced log write of each operation by centralizing the
cohort’s log to the master. However, this violates site au-
tonomy and cannot be practical in real distributed systems.
The Implicit Yes Vote (IYV) protocol [2] exploits the per-
formance and reliability properties of gigabit- networked
distributed database systems, where the propagation latency
will be the dominant component of the overall communica-
tion cost while the migration of large amounts of data will
not pose a problem. Each cohort combines its redo log and
read lock with the acknowledge message of an operation
to the master to implicitly mean that the transaction is in
a prepared state at the cohort. IYV allows failed cohorts to
perform part of the recovery procedure independently of the
master, and to resume the execution of transactions that are
still active in the system instead of aborting them. Although
IYV is well adapted to gigabit- networked DBMS, it is vul-
nerable in that: (1) it concentrates cohorts’ log records to
the master, which violates site autonomy and can put a bot-
tleneck in the master; and (2) it increases the risk of block-
ing, because a master failure during commit processing will

block the cohorts until the master’s recovery.

There is also Optimistic Commit protocol [7], which fo-
cuses on reducing the lock waiting time by lending the locks
held by transactions in commit processing. The lending is
carefully devised to avoid possible cascading aborts if the
lending transactions are aborted. This type of protocol gen-
erally has good performance because it reduces the blocking
at locks held by prepared transactions.

2.2 Nonblocking ACP

A fundamental problem with ACP is that operational co-
horts may become blocked in the event of a master fail-
ure that occurs after initializing the voting phase but be-
fore making a final decision. During the blocked period,
the transactions at operational cohorts may continue to
hold system resources such as exclusive locks, preventing
other transactions from acquiring these resources to pro-
ceed. Those transactions in turn become blocked waiting
for some resources to be released. This blocking chain may
propagate to cause “cascading blocking”.

A number of commit protocols have been designed to at-
tack the fundamental blocking problem. Three-phase com-
mit (3PC) [16, 17] was among the first nonblocking pro-
tocols. 3PC introduces a new “buffered phase” between
the voting phase and the decision phase. In the buffered
phase, a preliminary decision is reached about the result of
a transaction. Cohorts can reach a global decision from this
preliminary decision even in face of a subsequent master
failure. However, 3PC achieves the nonblocking property
at the expense of increased communication overhead by an
extra round of message exchanges. Moreover, both master
and cohorts must perform forced writes of additional log
records in the buffered phase.

ACP-UTRB [3] and NB-SPAC [11] implement non-
blocking by imposing a strong assumption on the commu-
nication model: the reliable uniform broadcast primitive,
which claims that if any site, correct or not, delivers a mes-
sage, then all other correct sites will eventually deliver that
message. A master uses the broadcast primitive to dissem-
inate its decision message to all cohorts to guarantee that
either all or none of the participants know about the fate
of the transaction. Practically, the uniform broadcast can
be interpreted as implicitly including a round of message
exchanges, and is very expensive in terms of the message
delay it introduces. It also compromises the scalability of
the protocol because the delay grows with the number of
participants.

3 Assumed system model

The choice of commit protocol can impact on a system’s
performance significantly. Storage systems with primary-



backup declustering, like AutoDisk, impose several require-
ments on a commit protocol: (1) it can add the least possible
overhead to the transaction; (2) it can effectively synchro-
nize the primary-backup; and (3) it can take advantage of
the primary-backup hierarchy to handle failures in a trans-
action. For example, a failure at a cohort should be masked
by the backup if possible. In particular, a master failure in
the commit phase should not block the prepared cohorts.

In this section we will identify the features of AutoDisk
that can potentially benefit the commit protocol. We as-
sume a fail-stop failure model, i.e., a failed PE will cease
to function instead of delivering unpredictable abnormal
states. Failure is assumed to happen in only one PE at any
given time, although we will see later that multiple failures
can be dealt with in AutoDisk.

3.1 Chained declustering storage struc-
ture

The autonomous disks (AutoDisk) system, proposed
in [20], is configured as a cluster of intelligent disks in a net-
work environment. Each disk is equipped with an AutoDisk
resident processor that can govern the site autonomy of each
disk, so that centralized control within the cluster becomes
unnecessary. The AutoDisk system uses active rules to im-
plement such properties as transparent access, skew han-
dling and fault tolerance. Data are partitioned across all
disks inside AutoDisk in according with some criteria. Au-
toDisk employs a primary-backup storage hierarchy similar
to chained declustering [9], to improve data availability in
the event of failures. Besides the data allocated to each disk
(primary data), each disk also maintains a copy of the pri-
mary data of its logically previous disk. The backup copy of
the data is updated asynchronously to the primary copy to
reduce possible synchronization costs. Tasks to maintain
consistency between primary and backup copies are per-
formed independently of the hosts.

3.2 Fat-Btree:
directory

a highly efficient parallel

Fat-Btree was proposed in [21] as a parallel direc-
tory structure to ensure high-speed access for distributed
database systems like AutoDisk. Fat-Btree can provide
an indexing mechanism for fast data retrieval in paral-
lel database systems, and also reduces the synchronization
costs between process elements (PE). In Fat-Btree, as illus-
trated in Figure 1, index nodes closer to the root, which are
accessed more frequently, have more copies across PEs in
the system, which translates into a faster indexing speed by
reducing the frequency of query forwarding. Index nodes
closer to the data, which are updated more frequently, have
fewer copies to avoid heavy overhead in synchronization

FE1 PEZ2 FPE3

Figure 1. Fat-Btree

while updating multiple copies. Fat-Btree is an ideal index-
ing directory for AutoDisk in that it achieves a proper bal-
ance between fast indexing and low synchronization cost.

3.3 Concurrency control protocol

The correctness and performance of a parallel B-Tree de-
pends heavily on the concurrency control protocol. INC-
OPT [13] is a concurrency control strategy for parallel B-
Trees. It makes some optimizations of the strict 2PL [4] to
achieve a perfect performance in both throughput and re-
sponse time in the Fat-Btree index structure. Our atomic
commit protocol is based on this concurrency control mech-
anism. MARK-OPT [22], which aims to integrate into INC-
OPT some refinement with regard to performance to further
improve the concurrency control efficiency, is also eligible
to be introduced into our proposal.

4 Low-overhead commit protocol

In this section we will propose the BA-1.5PC protocol.
For ease of exposition, we use some specific terms through-
out this paper.

Primary data: the whole data range is partitioned across
all PEs in AutoDisk. The part of the data allocated to one
PE is called primary data for that PE. Backup data: each pri-
mary data element has a replica in its logically neighboring
PE. That copy is named the backup data.

A master is the PE where a transaction is initiated. With
the Fat-Btree indexing structure, a cohort is a PE that has a
copy of the index pages that are to be updated in the trans-
action. Such a cohort is named the primary cohort. Besides
the operation to update its primary data, a primary cohort
must also update its backup data. In such a situation, the PE
that stores the backup data is called a backup cohort.



Log flush
nWAL ;‘ ~Fog message
wirte e
Log write Log write
(in Y) (in Y)
* acknowledge-
Pl

OK

Figure 2. Neighbor WAL

4.1 Low-overhead log strategy

Write-ahead log (WAL) is widely accepted as a means
for providing atomicity and durability in database sys-
tems [8]. WAL asserts that the log records representing
changes to data must be stored to stable storage before the
new version of data replaces the previous data in stable stor-
age. It is not surprising that a large part of the overhead re-
lated to transaction processing arises from forced log writes
using WAL, where the transaction is suspended waiting for
the blocking write of log records into stable storage to fin-
ish. Having recognized this inefficiency, neighbor WAL
(nWAL) was proposed to reduce the overhead of logging
in parallel databases [10]. Unlike ordinary WAL, nWAL
stores the log records in main memory at the local host and
several other hosts. As indicated in Figure 2, at a forced
log write, PE(i) stores the log records in its main mem-
ory and meanwhile transmits the log in a message to its
neighbor PE. Thus the same log record has two copies in
the neighbors. If PE(i) fails, it can recover to a consistent
state with the log stored in its neighbor PE(j). The overhead
incurred in nWAL includes the message exchange delay be-
tween PE(i) and PE(j) and the time to store log records in
main memory. In current high-speed network systems the
speed of message delivery is several orders faster than disk
I/O, and memory I/O of log records is even faster. nWAL
therefore yields lower delays for log writes.

The primary-backup hierarchy in AutoDisk makes it nat-
ural to adopt the basic idea of nWAL to reduce log overhead.
The original nWAL requires a host to wait for the acknowl-
edgment from its neighbor PE for a log write, which can
increase the message overhead during transaction process-
ing. In our protocol, a PE does not wait for the ACK from
its neighbor at a log flush operation. In other words, a PE
sends the log record to its neighbor asynchronously. The
synchronization between a PE and its neighbor is deferred
until the final decision phase of a transaction, with the op-
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Figure 3. Async-nWAL

timistic view that the log message pass will succeed. In the
decision phase that terminates a transaction, synchroniza-
tion between primary and backup will force the backup to
complete all its operations if there are any left pending. The
commit protocol presented in this paper adopts this asyn-
chronous version of nWAL (async-nWAL), as depicted in
Figure 3, to reduce the overhead of logs in transaction and
commit processing. With async-nWAL, writing a log will
not impose a problem on performance.

It is possible for log records to overflow the buffer no
matter how large the memory is. This problem is mitigated
in two ways. (1) Log records belonging to completed trans-
actions are deleted from the buffer after commit/abort to re-
claim memory. (2) When the log does overflow, some por-
tion of the existing log records are moved to disk files. This
can cause a severe delay during a transaction. With modern
large volume memories, however, this case is not expected
to happen often and therefore presents no problem in prac-
tice.

4.2 BA-1.5PC: a low-cost commit proto-
col

Part of the overhead imposed by a commit protocol
comes from the message exchanges during commit process-
ing. We are thus prompted to seek a way to commit a trans-
action with the least communication overhead possible. The
BA-1.5PC (Backup-Assist 1.5 Phase Commit protocol) is
such a protocol. As the name indicates, it removes the vot-
ing phase from the commit process, and failure recovery is
facilitated by the primary-backup structure (replica assist).
Figure 4 illustrates the processing flow of this protocol.

When a transaction is initiated in a PE (which becomes
the master for that transaction), the master writes a mem-
bership log using async-nWAL to its backup PE to mark
the start of a transaction. It then begins to deliver opera-
tions to cohorts and waits for their replies. On receiving an
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Figure 4. BA-1.5 phase commit

operation command from the master, a cohort executes this
operation and issues a log record using async-nWAL to its
backup PE including the information about that operation.
When the primary cohort finishes the operation, it sends an
ACK to the master. Notice that the primary cohort does
not wait for the backup cohort to finish its operation to syn-
chronize their data; the optimistic view is that the backup
cohort will finish the operation concurrently with the pri-
mary cohort. The synchronization is postponed to the end
of the transaction. After acknowledging an operation, the
primary cohort enters the prepared state from where it can
start committing the transaction.

If a cohort decides to abort the operation on its site to
resolve either local deadlocks or a local serialization viola-
tion, it issues a negative acknowledge (NACK) to the master
and unilaterally aborts the transaction locally, writing a log
using async-nWAL to its backup cohort. The backup co-
hort will also abort the effects of that transaction. At every
round of operation command/acknowledgment message ex-
change, if the master detects even one NACK from a cohort,
it will abort the transaction and deliver an abort decision to
each cohort that has acknowledged with ACK in that round.

When the master has finished all operations of a trans-

action and received acknowledgments from all cohorts, it
makes a final decision about the result of that transaction
and forces the decision into the log with async-nWAL. Once
past this point, the fate of the transaction has been irre-
versibly decided, and no single failure can prevent the com-
mitment of this transaction. After that, the master broad-
casts the decision to all cohorts and waits for their ACKs. A
primary cohort that receives a decision enters the pending
state. In the pending state, a primary cohort first writes a
decision log with async-nWAL to the backup cohort, com-
mitting or aborting the transaction according to the deci-
sion, and then suspends while waiting for an ACK from its
backup cohort. The pending state is the last opportunity
for the backup cohort to bring its data up to date with the
primary data. In this period, the backup cohort executes
all operations represented by the log records it has received
from the primary cohort and accumulated in main memory.
Once all the operations are finished, the backup cohort re-
turns an ACK to the primary cohort, which in turn delivers
an ACK to the master, signaling the completion of the trans-
action branch in that cohort. At the transmission of this de-
cision acknowledgment message, both the primary and the
backup cohorts can safely delete all log records about that
transaction from their main memory to reclaim buffer space.
If the primary cohort times out waiting for an ACK from
the backup cohort, it concludes that the backup cohort has
failed. Instead of waiting until it recovers, the primary co-
hort directly delivers an ACK to the master without clearing
the log records in its memory. These log records are used
in the coming recovery process to restore the consistency
of the backup cohort. When the master has received ACKs
from all cohorts, it writes an end log using async-nWAL to
terminate the transaction completely.

The primary cohort experiences a pending phase during
the commit process, but the result of the pending state does
not actually affect the final outcome of a transaction. This is
the origin of the name 1.5-phase commit: a pending phase
with a result that can be discarded is counted as 0.5 phase
in the commit process. The decision phase counts for the
complete phase. The pending state at the primary cohort is
necessary because it is the only point at which the primary
and backup are synchronized during a transaction. Our low-
overhead log strategy has already excluded the synchroniza-
tion from message deliveries from primary to backup in pur-
suit of higher performance, with the optimistic view that
the operations on the backup will succeed. Without a pend-
ing phase in the decision phase, a failure in the backup can
never be detected during a transaction, and the primary will
continue its normal processing and delete the log records of
the completed transaction from its memory, making it im-
possible for the backup to restore its data after it recovers
from a failure.

A more aggressive way exists to eliminate the 0.5 phase



from the decision phase. The primary cohort may send
its acknowledgment directly to the master upon receiving
a decision, without synchronizing with the backup cohort.
Doing so can further reduce the delay in commit process-
ing. However, this method trades less delay with higher
main memory consumption: instead of reclaiming mem-
ory upon commit, the primary cohort keeps log records of
a completed transaction in memory until it finally receives
an asynchronous acknowledgment from the backup. This
aggressive version will be one of our future directions.

4.3 Failure recovery strategy

The primary-backup staggering provides redundancy for
data stored in AutoDisk, which makes it resilient to vari-
ous kinds of failures. In practice, AutoDisk can continue
normal processing in the event of failures, as long as no
(primary, backup) pair fail together. While this condition is
met, both the data and the log of the active transaction on
the failed PE are available, as the backup PE remains on-
line and accessible, and the transaction can proceed without
being suspended to wait for the failed PE to recover. This
paper deals with failure scenarios where no logically adja-
cent PEs fail, i.e., either the primary or the backup remains
operational. Failures at logically adjacent PEs cause both
the primary and backup copy of some data to become inac-
cessible to the transaction, which requires the transaction to
suspend until they recover. They will be dealt with in future
research.

e Master failures

Like cohorts, a master also has a backup that is its log-
ically neighboring PE. Failure in the backup master has no
impact on the transaction processing. The primary master
continues with its normal processing, except that the async-
nWAL register log is in its local main memory instead of in
the memories of both the primary and backup PEs. If the
primary master fails before it makes a decision about the
transaction, the backup master will abort the transaction by
sending the “abort” decision to all cohorts recorded in the
membership log. If the primary master fails after making
a decision but before receiving ACKs from all cohorts, the
backup master will assume the master’s task. Because the
backup master has already received the membership log and
the decision log from nWAL, it can rerun the decision phase
by retransmitting the decision to all cohorts.

e Cohort failures

In the initial stage of a transaction, a master directly com-
municates with a primary cohort. A backup cohort failure
during the transaction processing does not affect the mas-
ter. In fact, the primary cohort doe not become aware of

the backup cohort’s failure before the decision phase, be-
cause there is no message synchronization between the pri-
mary and backup cohorts before the decision phase. The
primary cohort detects the backup cohort’s failure by time-
out in the pending state waiting for an ACK from the backup
cohort to acknowledge the completion of the transaction at
the backup. After detecting a backup failure, the primary
cohort continues normal processing by issuing an ACK to
the master. At this point, the primary cohort retains all
log records related to this transaction in main memory in-
stead of deleting them to reclaim memory space, and passes
them to the backup cohort when it starts a restart proce-
dure. The backup cohort, on the other hand, can bring the
data up to date with these log records received from the pri-
mary cohort. Handling failures at the primary cohort can
be much more complex. The primary cohort may fail (1)
before the final round of operations, which results in pend-
ing acknowledgments of operation for an active transaction,
or (2) in the last prepared state before the master reaches
a decision, or (3) in the pending state, which prevents the
cohort from acknowledging the decision from the master.
In case 1, the master can detect this failure by a timeout
while waiting for an acknowledgment of operations. The
master decides to abort the transaction, and delivers this de-
cision to all other cohorts, including the backup cohort of
the failed primary cohort. Cases 2 and 3 are directly re-
lated to commit processing. In these situations, the master
has collected acknowledgments with implicit votes from all
cohorts, reached a decision, and broadcast it to all primary
cohorts. Failures in this circumstance are detected by time-
out while waiting for an ACK of the decision. At this stage,
operations of a transaction have already been successfully
completed in all cohorts, so instead of aborting, the master
resends the decision to backup cohorts. A decision message
received by backup cohorts directly from the master informs
them that the primary cohort is experiencing a failure. The
backup cohort transmits an ACK to the master after it has
applied the decision to the transaction. As a measure to help
the primary’s restart recovery, the backup cohort leaves the
log records of that transaction intact in its memory instead
of deleting them. During the restart recovery procedure, the
primary cohort will ask the backup for a complete list of log
records for the transaction in which it failed.

4.4 Protocol overheads comparison

Overheads referred to in this paper include message ex-
changes in both transaction processing and commit process-
ing, as well as forced disk writes over the span of a trans-
action. Here we compute the overheads of BA-1.5PC ana-
Iytically in comparison with two other protocols, 2PC and
Early Prepare (EP).

Suppose there are N cohorts in a transaction besides the



Table 1. Overhead for committed transac-
tions

Protocol Number of messages | Number of forced log writes
BA-1.5PC | 3+3P+4N 0

2PC 2P+8N 4N+1

EP 4P+2N 2P+2

master, and a transaction has P operations that are delivered
to cohorts. We can discover from Figure 4 that BA-1.5PC
requires a total of 3+3P+4N messages for the transaction.
With the async-nWAL, by which a log write is converted
into a message, BA-1.5PC in practice requires no forced
disk writes of log records. The only disk write happens
when updated data are moved to a disk asynchronously with
the transaction, which is not counted in the overhead.

The basic 2PC requires a cohort to force-write two log
records at commit (one for the vote and one for the deci-
sion). The master, on the other hand, must force-write a
log record for the decision. The master also exchanges two
rounds of messages with each cohort. With the messages
to deliver the P operations to the cohorts, the total number
of message exchanges reaches 4N+P, and there are 2N+1
forced disk writes. When extended to AutoDisk, the pri-
mary cohort must forward messages (about normal opera-
tion and commit processing) to its backup cohort, and the
backup cohort will reply to these messages as well as force-
write two log records during commit processing. The to-
tal number of messages therefore amounts to 8N+2P, with
4N+1 log writes.

EP requires a cohort to force-write its log record together
with its updated data to stable storage on every operation,
and to acknowledge that operation with a message to the
master. In the commit phase, a cohort writes a forced log
write only for aborted transactions, and sends acknowledg-
ment only for aborted transactions. The master must force-
write a membership log record at the beginning of a transac-
tion and a decision log record in the commit phase. In this
paper we are focused on committed transactions, and failure
is a rather rare case in real systems, so we only count the
overhead of committed transactions. The total overheads
for such transactions are 2P+N messages and P+2 forced
log writes. Similar to the overhead increase of 2PC when
extended to AutoDisk, the overheads of cohorts double, be-
cause a primary cohort must transmit its operations and the
final decision of a transaction to the backup cohort. The
total overheads are 4P+2N messages and 2P+2 forced log
writes for EP with AutoDisk.

Table 1 summarizes the overheads for the three protocols
for committed transactions. Clearly, BA-1.5PC outperforms
the other two, given that it does not require any forced log

writes during a transaction. The relative ranking of 2PC
and EP depends heavily on N and P. For Fat-Btree trans-
actions where SMOs happen on index pages, the operation
number P is u times N, where u is the number of updates to
index pages, including insertion, splitting, and new alloca-
tion. Usually u is larger than two in such a SMO, therefore
we can expect that EP incurs a larger overhead than 2PC
arising from its heavy delays for forced log writes during
operation processing.

S Experiments and discussion

In this section, we evaluate the performance of the BA-
1.5PC on a real running system. To evaluate the relative
efficiency of our protocol, two other commit protocols, ba-
sic 2PC and Early Prepare (EP), are used for comparison.
These two protocols were chosen because they are relatively
suitable to be applied to AutoDisk by direct extension. 2PC
is a classical protocol that can be applied to a broad cat-
egory of databases. The basic form of 2PC, instead of a
variant such as PC/PA, is used because they share the same
structure and the variants differ from basic 2PC only by pre-
sumptions about certain transactions. EP was selected as
a representative of 1-phase commit protocols. Other pro-
tocols that belong to the 1-phase commit category, such
as Coordinator Log (CL) and Implicit Yes Vote (IYV) are
excluded from our evaluation and experiments because of
their basic policy that cohorts concentrate all or part of their
log to the master, which effectively hampers the scalability
of a distributed storage system that consists of many nodes.

We implemented BA-1.5PC, 2PC and EP on our exper-
imental autonomous disks. Table 2 gives the basic con-
figuration of this experimental system. Each node is re-
garded as an independent PE. The AutoDisk system con-
sists of up to 64 PEs as storage nodes. Another eight PEs
act as clients from which update requests are issued. Data
in the AutoDisk system are indexed by a Fat-Btree paral-
lel directory. First, objects are inserted into the AutoDisk
system. An object is treated as a key with a fixed amount
of data (currently 400 bytes), and all objects are distributed
evenly into storage nodes. The clients then issue insertion
requests randomly to storage nodes in AutoDisk to measure
the throughput of insertion transactions. This testing was
repeated for different sizes of dataset (different numbers of
objects) and with varying numbers of storage nodes in the
AutoDisk system.

Figure 5 presents the insertion transaction throughput
with BA-1.5PC, 2PC and EP, for several dataset sizes in
the AutoDisk system with 64 storage nodes. The exper-
imental results indicate that BA-1.5PC outperforms 2PC
and EP for transaction throughput at all dataset sizes. It is
not surprising that BA-1.5PC gives overwhelmingly supe-
rior transaction throughput over 2PC and EP, because BA-



Table 2. Configuration of experimental sys-
tem

Nodes 64 Storage nodes, 8 client nodes

CPU AMD Athlon XP-M1800+ (1.53 GHz)

Memory | PC2100 DDR 1 GB

Disks Toshiba MK3019GAX (30 GB, 5400 rpm, 2.5 inch)
oS Linux 2.4.20

Java VM | Sun J2SE 1.4.2_04 Server VM
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Figure 5. Comparison of throughput with BA-
1.5PC, 2PC and EP with 64 nodes

1.5PC greatly reduces the message complexity during the
commit process, and in practice eliminates the necessity to
write forced disk log records. Early Prepare (EP), on the
other hand, produces a less effective performance than 2PC
even though it requires only one phase to commit a trans-
action instead of two. Although EP uses one less phase in
the commit process, it requires every cohort to force-write a
log record for every operation during a transaction. It is this
conservative disk log write that diminishes its throughput.

Figures 6, 7 and 8 give the insertion transaction through-
put for different numbers of storage nodes in the AutoDisk
system for BA-1.5PC, 2PC and EP, respectively. We can see
that in general the transaction throughput increases mono-
tonically as the dataset in AutoDisk grows larger. This can
be ascribed to the Fat-Btree index structure. More objects
in a PE make it less likely that insertions of an object will be
directed to a certain leaf page. It is then less likely that a leaf
page will overflow to result in an expensive index page split,
which in turn causes an expensive Fat-Btree index page up-
date. A larger dataset is therefore concomitant with a higher
transaction throughput.

When the number of objects exceeds some critical
amount, it becomes impossible to keep all the index pages
within the cache memory because of the limited cache
buffer. In this situation, retrieval of an index page will prob-
ably encounter a blocking disk access and incur a heavy
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Figure 6. Throughputs with eight nodes
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Figure 7. Throughputs with 16 nodes

delay. We can observe that the throughput ceases to in-
crease and in fact drops slightly for dataset sizes of greater
than two million objects. We can also find from the figures
that more storage nodes in the system allow higher inser-
tion throughputs. This is attributed to the good scalability
and parallelism of the Fat-Btree index structure.

6 Conclusions and future work

We have proposed a new commit protocol, BA-1.5PC,
which addresses the problem of providing efficient transac-
tion commit processing even in the face of failures. The
protocol also surmounts the problem that cohorts may be
blocked by a master failure in the decision phase. It yields
these merits by combining the following strategies. (1) A
low-overhead log mechanism based on an asynchronous
version of neighbor WAL (async-nWAL), which greatly re-
duces the need for disk I/O and eliminates a synchronization
message from nWAL to reduce message overhead. (2) Re-
moval of the voting phase from commit processing to gain
a faster commit process. The votes of cohorts are included
implicitly in the acknowledgment messages to the master
during transaction processing. (3) A primary-backup as-
sisted recovery strategy to enhance dependability in the face
of possible failures. Failures of cohorts can be recovered
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Figure 8. Throughputs with 32 nodes

easily with assistance from the backup cohorts. In addition,
a master’s failure in the decision phase will not block other
cohorts with this strategy. Prepared cohorts can receive a
decision from a master’s backup after such a failure.

We implemented BA-1.5PC in an experimental Au-
toDisk system and ran experiments to evaluate its effective-
ness. Two other commit protocols, 2PC and EP, were in-
cluded in our experiment for comparison with BA-1.5PC.
The results prove that BA-1.5PC enjoys a superior perfor-
mance advantage in terms of transaction throughput for var-
ied dataset sizes and at different AutoDisk system scales.

Our experiments covered only the normal case, with no
failures during the transaction process. Testing of transac-
tions with failures and the failure recovery strategy will be
conducted in the near future.
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